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PREFACE 


EW people, besides the initiated, realize what an appalling 

number of books and articles dealing with mathematics are 
published in each calendar year. A glance at the index of the 
Jahrbuch tiber die Fortschritte der Mathematik suggests that at 
least 4,000 contributions to mathematical science are made 
every 365 days, probably the number is appreciably larger. 
Any one venturing to add to this incredible collection, especially 
if he contribute a long work, must justify his temerity. Apart 
from the obvious consideration that no mathematics should be 
published which does not come up to a certain standard of 
clarity and elegance, the writer must show either that his subject- 
matter is essentially novel, without being trivial, or else that it 
presents in somewhat new form, matter of permanent value to 
mathematical science. The present work must lay its claim to 
recognition primarily on the second score. 

There have been times when the study of algebraic plane 
curves was very much the fashion among mathematicians. 
One hundred years ago Mobius and Pliicker were developing the 
methods of trilinear coordinates, polar curves, and abridged 
notation. Fifty years ago there was a perfect rage for algebraic 
invariants and covariants, their applications to geometry were 
eagerly sought, the ingenious book of Salmon and the solid tome 
of Clebsch-Lindemann were widely read. During the same 
period the theory of analytic functions of a complex variable, 
especially algebraic functions and their integrals, the brilliant 
work of such writers as Clebsch and Klein in emphasizing the 
relations of the theory of functions to curve theory, left a perma- 
nent impression on mathematical thought. In Italy the interest 
in algebraic geometry remained widespread, after the fashion 
had somewhat passed elsewhere, thanks to the contributions of 
such men as Bertini, Segre, Castelnuovo, Enriques, and Severi. 
That interest is alive to-day, yet, as intimated above, the centre of 
gravity in geometry has shifted quite far into the differential field. 

If the subject of algebraic geometry were of transitory impor- 
tance, we might accept this shift as an accomplished fact. But 
is it not the case that in judging the importance of mathematical 
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work we must recognize the existence of both variables and 
constants ? Much that is new is of only transitory importance. 
Are there not, on the other hand, some mathematical subjects 
that must be considered invariants, matters of abiding interest 
and importance, which deserve to be always held in honour ? 
Will the contributions of Riemann and Weierstrass to analysis 
ever become passé or negligible? Can mathematical physics 
ever. safely forget Maxwell’s equations? In the same way, as 
long as we use Cartesian geometry, and the attempt to displace 
it by either synthetic or vector methods has only yielded very 
partial success, we are going to be interested in Cartesian curves 
of a more complicated sort than the straight lines and conics 
which we present to beginners as the last word in erudition. 
The geometer will be interested in the properties of curves of any 
degree, his interest will be quickened by finding their relations 
to algebraic invariants, to analysis situs, to the theory of alge- 
braic functions, and to hyperspace. 

It is the object of the volume before us to give an account of 
the present status of the theory of algebraic plane curves, and 
their relations to various fields of geometry and analysis. Other 
works have been written in the past with a more or less similar 
object in view. Salmon’s beautiful Higher Plane Curves appears 
to-day archaic in form, and to some degree, in substance. 
Enriques’s three interesting volumes on the Teoria geometrica 
delle equazioni are charmingly written in a discursive style, but 
contain a good deal of historical material that does not concern 
us, and give the impression at times of not being very closely 
reasoned. The masterly Vorlesungen tiber algebraische Geometrie 
of Severi-Léffler is a model of excellence, but omits many 
important parts of the theory of plane curves, and the same is 
true of the first volume of Severi’s Geometria algebrica. The 
comparatively recent English works of Hilton and Ganguli are 
frankly textbooks, rather than expositions of the complete 
theory, or original contributions. 

The greatest difficulty encountered in preparing this volume 
has been in the matter of choice—choice of material, choice of 
method. With regard to the former, if the book were to be kept 
within anything remotely resembling reasonable bounds, much 
valuable material had to be excluded. The writer has confined 
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himself almost entirely to the properties of the general curve, 
departing from the custom of most previous writers who make 
a detailed study of curves of the third or fourth order. When 
specialization is made, it has generally been to curves of a par- 
ticular genus, as rational curves, hyperelliptic curves, etc. It 
has been rather puzzling to decide just how much attention to 
give to the theory of invariants. A geometer who is completely 
ignorant of algebraic invariants is simply illiterate ; in the present 
work the reader has been carried far enough to appreciate the 
symbolic notation of Aronhold and Clebsch. A student who, 
after reading what was here presented, found himself unable to 
understand the invariant theory, let us say in Clebsch- 
Lindemann, would have a fair grievance against the writer. 
On the other hand, it is evident that there is comparatively 
little interest in invariant theory to-day; why cover page after 
page with extended and artificial calculations which lead to 
results of comparatively little geometric importance? Another 
puzzle was how much attention to pay to the uniformization of 
the general curve, the expression of x and y as automorphic 
functions of an auxiliary variable. The fact that this can be 
done is of the very highest theoretic importance, so that it 
seemed wrong to pass it over in complete silence. On the other 
hand, a subject which extended Klein and Poincaré to their 
utmost limit, and which was only perfected by the repeated 
efforts of subsequent analysts, cannot be completely elucidated 
in a few lines. The subject has been given a short chapter which 
is confessedly a sketch with no attempt at complete proof. The 
writer gladly mentions that in this, as in other matters, he is 
indebted for help and counsel to his friend and colleague of 
thirty years’ standing, William Fogg Osgood. 

No attempt has been made to give a complete bibliography. 
The reader desirous of such should consult, in the first instance, 
the article of Berzolari, ‘Allgemeine Theorie der algebraischen 
ebenen Curven’, Enzyklopidie der mathematischen Wassen- 
schaften, vol. iii. 2, c. 4, and the ‘Selected Topics in Algebraic 
Geometry’, Bulletin of the National Research Council, No. 68. 
This latter did not appear till the present work was nearing 
completion. It proved of the greatest help in preparing the last 
chapters, and is currently referred to as ‘Topics’. 
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With regard to the choice of method, preference is given, in 
the first instance, to algebraic procedure. Large portions of the 
work are written according to the spirit and methods of the 
Italian geometers, to whom, indeed, the whole is dedicated. 
It would be quite impossible to describe the extent of the 
writer’s obligation to them. Yet behind the Italians there 
stands one whose contributions are even greater, Max Nother. 

Besides algebraic methods, there is much use of geometric ones, 
especially those involving the projective geometry of hyperspace. 
Transcendental analysis takes a secondary place, but has been 
treated at least as an honoured guest in the house. It is assumed 
that the reader will not have heart failure at the mention of 
a Riemann surface; in studying the fundamentally important 
topic of linear series of point-groups on a curve, the relation to 
Abelian integrals, and Abel’s theorem is insisted on. The Chasles- 
Cayley-Brill correspondence formula recurs again and again, 
but no one has yet been able to prove all the connected theories 
without the help of Abel’s theorem and the use of theta func- 
tions. The needed properties of these latter are given without 
proof. The only distinct methods which have never been used 
are those of the theory of algebraic numbers. The reader who 
wishes to study the properties of plane curves from this point 
of view is referred to the solid work of Hensel and Landsberg, 
Theorie der algebraischen Funktionen. It would be hypocrisy to 
attempt to give a sound justification for all the choices made. 
Every writer must reconcile, as best he may, the conflicting 
claims of consistency and variety, of rigour in detail and elegance 
in the whole. The present author humbly confesses that, to him, 
geometry is nothing at all, if not a branch of art, and the under- 
lying force which compels him to treat any particular topic, or 
to handle it in any particular way, is either that he is ignorant 
of any other, or else that his aesthetic sense dictates the choice: 
it pleaseth him so to do. 


J.L.C. 
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BOOK I 
ELEMENTARY THEORY 


CHAPTER I 


THE FUNDAMENTAL PROPERTIES OF 
POLYNOMIALS 
§ 1. Polynomials in one variable 
Ler f(@) = ag” +a, 0" 1+a,2"?+...14,_,7+4, 
be a polynomial of order 7 or less in a single complex variable 


x, which can take all values, including the fictitious value 
infinity. If there be such a value « that 


f(x) = 9, 
then « is called a ‘root’ of the polynomial. If the polynomial 
have an infinite root, that is to say, if the function 


ei} 


have a root 0, then aj=0 and conversely. When this is not 
the case, the order of the polynomial is exactly ; we shall 
assume from now on that this is so. The fundamental theorem 
of algebra tells us that then 


fet) = ag(e—ay)(t—ay)...(0—a) (1) 
feysa > 2). (2) 
t=1 $ 


We state the facts as follows: 

The Fundamental Theorem of Algebra 1] A polynomial of 
the nth order in a single variable can be divided into n linear 
variable factors, and every linear variable factor 1s a constant 
multiple of one of these. The polynomial will have at most n roots, 
and these will all be distinct, unless the polynomial and tts deri- 
vative share a variable factor. 

A necessary and sufficient condition for a multiple root is 
written Pies 


TT (io) = 0. (3) 


This expression is a symmetric function of the roots. It can 
be written as a rational function of the coefficients by various 
3781 B 


2 FUNDAMENTAL PROPERTIES OF POLYNOMIALS Book I 


devices. The classical relations between the roots and coeffi- 
cients are given by the formulae 

i=n 1s =n cr 
Does (DG 5 D, ovey=(— UE, on T= (1g? 4) 
i=1 a Mara 0 
Each of these symmetric functions is Lene in the coefficients. 
The degree of the numerator or denominator in the a’s is the 
degree of the corresponding polynomial looked upon as a func- 
tion of any chosen individual root, the sum of the subscripts in 
each term of the numerator is the degree on the left in all the - 
roots together. If we add symmetric polynomials of the same 
degree, or multiply two of the same or different degrees, we get 
rational fractions in the a’s which have these same properties. 
From such considerations it is easy to prove* 

The Fundamental Theorem of Symmetric Functions 2] Any 
symmetric homogeneous polynomial in the roots of a polynomial 
im one variable is a rational fraction in the coefficients, whose 
denominator is dy raised to a power equal to the degree of the poly- 
nomial in any one root. The numerator is homogeneous to the 
same degree, and the sum of the subscripts in each term is equal 
to the total degree of the polynomial in all the roots together. 

The degree of the numerator or denominator is called the 
‘degree’ of the symmetric function, the sum of the subscripts 
in each term its ‘weight’. A polynomial like this, where the 
sum is the same in each term is said to be isobaric. 

Definition. Any constant multiple, not 0, of the numerator 
of the fraction in the coefficients which is equal to the left-hand 
side of (3) is called the ‘discriminant’ of the polynomial. 

Theorem 3] The discriminant of the general polynomial of 
order n is of order 2(n—1) and weight n(n—1). 

Suppose that we allow the ratios of the coefficients of our 
polynomial to vary, the roots will vary also, for if two poly- 
nomials have the same roots their coefficients are proportional 
by (4). Let us suppose in particular that each coefficient takes 
a small increment. We write 

f(®) = Agu" +a,2"1+...+4, 0-44, 
p(X) = (a +Aay)a”+ (a,+Aa, a”... 
Tt (@,-1+-Aa,,_1)2-+ (a, +Aa,). : . 
* Cf. Bécher, p. 243. 
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Let us reduce the roots of ¢ by the quantity «, which is a root 
of f. This is done by replacing « by x-++-a, and expanding by 
Taylor’s theorem: 


ble tay) = H(u)+ep'(u)+% $"(uy) + 


(x1) = (Ag +Ady)a?-+ (a, +Aa,)a%-1-+...+ 
+ (Gn-1+ AG, _1)04 + (4,1+-Aa,) 
= Aaya? Aa, axt-1-+...+Aa,,_0,+Aa,,. 
The product of the roots of ¢(%-+«,) is (—1)” Ris and is 


infinitesimal since each term of the expanded numerator is in- 
finitesimal, while the denominator is not. Hence the polynomial 
¢(x-+-a,) must have at least one infinitesimal root, or 4(x) has 
one root infinitely near o,, say a,+Ac. 
Agu” +a,x"1+...14, 
= (©—a)(Agu"* + ,0"-9-+ Cot” +... +Cn_1) 

(ay+Aay)x”+ (a,+Aa,)u"-1-+... (a, +Aa,) 

= (w—a,—Aa,)[(a)+ Aay)a”-1+-d,a"-+....-d,_4]. 

Comparing coefficients 
Ay = Ay Ay +Ady = 4) +Ady Cy = Mya, +0, 

dy = (Ay + Aay)(%,-+-Aa,)+ (4, + Aa) 

dy, = ¢,+a,Ady+apAu,+ Aa Acy. 
Hence d, differs infinitesimally from c,, and we may show in 
the same way that each d differs infinitesimally from the corre- 
sponding c, or f has a second root extremely close to a root of 


¢, and so on. 
In this development we have assumed that a, 40. Let us 


now assume j 
Ay =O, =... =A, 1= 9 a, #0. 


We may assume that a, is not 0, for if this quantity were 0 
we could divide f by such a power of « that the quotient had 
no vanishing root, and proceed as before. We then write 


Ty () = 2 f (:) =a,0"-+-a, 10" 1+... + Oh” 


bila) =a"d (;) = (dy Ady)" (ya + Ady, 1)". f 


+ (dp +Ady)x? + Aa,_,a"1 + Aaya + Ady. 
B2 
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By what precedes we see that ¢, has exactly p roots close to 0. 

Fundamental Continuity Theorem 4] Given two polynomials 
of the same order in one variable, where the first p coefficients, but 
not the first p+1 of the first are 0, while the coefficients of the 
second approach the corresponding coefficients of the first as limits, 
then the second polynomial will have exactly p roots that increase 
indefinitely, and exactly k roots of the second will approach each 
root of multiplicity k of the first as a limit. 

Theorem 5] If the coefficients of a polynomial vary continuously 
according to some law, and if for certain values of these coefficients — 
the number of distinct roots is less than the order of the polynomial, 
then either some roots have become infinite, or else multiple roots 
have appeared. 

Theorem 6] Jf for any values of the coefficients the number of 
roots 1s greater than the order of the polynomial, then every coeffi- 
cient must vanish. 

It is to be understood in these theorems that the constant is 
included among the coefficients. 

We next suppose that we have two polynomials 


Je) = i A ZZ = Aq(%— a) (%@—aXg)...(4—a1n) 


(5) 
P(x) = bya™ +b 2™14+....+6,,,0+6,, 
= by(®—B,)(t—P,)...(@ Bp). 
The necessary and sufficient condition for a common root is 


izn 
J=™ 


IT (%;—B;) = 0. ~ (6) 


e 
j=1 


This function is symmetric in each set of roots and homo- 
geneous in the two together. Any constant multiple not zero, 
of the numerator of the corresponding rational fraction in its 
lowest terms is called the ‘resultant of the two polynomials’. 

Theorem 7] If two polynomials be given in one variable, their 
resultant 1s homogeneous in the coefficients of each to a degree equal 
io the order of the other polynomial. It is isobaric in the two sets 
of coefficients together, its weight being the product of the orders of 
the two polynomials. A necessary and sufficient condition that the 
two polynomials should have a common root is that the resultant 
should vanish. 
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There are two other ways of writing the resultant, as a func- 
tion of the roots, namely, 


P(%4) P(g)». (%p) 
F(B1)f(B2)---F(Bm)- 


To find it in terms of the coefficients, there is a much better 
method than that of symmetric functions. Suppose that the 
common root is a, 


fe) = (w—oy)(aja”1--aa"-2+....-+4") 
$ (ae) = (w—ay)(Dja™1-+-b10™-24.. + b/,) 


F(Ogu™ bj a"? +... +b), 1) — Gb (age™ 1+ aja" —2+,,.14% 4) =0. 

(7) 

Here is a polynomial which is identically 0; hence by 6] each 

coefficient vanishes. This fact will lead us to m--n linear homo- 

geneous equations in as many variables a’, b’ which will be 

compatible when, and only when, the determinant of the coeffi- 
cients is 0, i.e. when 


Qy a . ad, 9-9 0 

0 a a Qyey Gale 

0 0 An-1 %\=9. (8) 
Ore 01, Dn 0 

ORGS 74 Oat aap au 6 Ab = 


Conversely, if this expression vanish we may find such values 
for the coefficients a’, 6’ as to satisfy (7) identically, and as 
there is essentially only one way to divide a polynomial into 
variable linear factors, the two polynomials must have a com- 
mon root. 

This method of finding the resultant leads us back to the 
discriminant. Let f be the given polynomial, and let us write 


p =nf—af’. 
If f and f’, its derivative, have a common root, this is cer- 
tainly a root of ¢ and so a common root of the two polynomials 
of degree n—1, f’ and ¢. Conversely, if these two have a 
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common root, this is a root of f also, and so this latter has 
a multiple root by 1). 

f Hau" a0" 1+... Oy 1 +Oy 

f' =nage™ + (n— laa"? +... F} Ona 

b = 4,014 2agn"?-+.... + Ny. 
The discriminant will be 
Nay heel . ce Oe 


a, 2a, 2a Nag O 
. . A ears a tec 
The degree is certainly 2(n—1). To find the weight we write 
A,;=(n—i)a; = By=(9+1) ajar 

The result is isobaric in A; and B, of weight (n—1)? in these 
letters. Since it is homogeneous of degree (n—1) in the B’s 
and each of these has a subscript one less than that of the 
corresponding a, the total weight in the a’s is 

(n—1)?+(n—1)= n(n—1) 
as stated in 3]. 

There is still another method of finding the resultant which 
should not be overlooked. Let us look for the highest common 
factor of the polynomial and its derivative by the method of 
division due originally to Euclid. The resultant will be the last 
remainder in the process. If it vanish, the two polynomials 
have a common factor which is the last divisor, not identically 
0, that appeared in the process. The process of division is long 
and tedious, but the student should understand the principle. 
We return to (8) and re-write the left-hand side with the later 
rows reversed in order: 


ea Os Shice Via UE 

0 Ao a. Q “ A an 0 

0 0 De WG) 

0/0 bb 
ORAM is nw ayn Oe) t One ntan 0 

DrEOpostres 6 (0p. OR OO 0 


We mean by the kth sub-resultant of f and ¢ the determinant 
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obtained here by striking off the first and last & rows, also the 
first and last k columns. We thus get the remarkable theorem 
which we state without proof.* 

Theorem 8] The degree of the highest common factor of two 
polynomials in one variable is the dimension of the first sub- 
resultant which does not vanish. 

There are times when it is best to replace the study of poly- 
nomials in one variable by that of homogeneous polynomials in 
two variables. We have merely to replace such a function as f by 


flw,z) = 2"f (2). 
Each pair of values x and z, not both 0, corresponds to a 


single finite or infinite value for =. The variables x and z are 


homogeneous in the sense that - cd & ~pse 0. 


The theorems which we have developed for polynomials in 
one variable are carried over with ease. We mean by a root of 
the homogeneous polynomial a pair of values of x and z, not 
both 0, which makes the polynomial vanish. Proportional pairs 
of values are looked upon as essentially the same, so that the 
homogeneous polynomial of order n has at most n distinct roots. 

To find the discriminant, we remember Euler’s theorem 


Fe 


nf(%, 2) = wz 


et #) 


The discriminant is, thus, the resultant of af 7) and 


There are times when it is troublesome to have a4 two 
homogeneous variables. We avoid the complication by the use 
of a rather bizarre notation whereby we treat the number 1 as 
if it were a variable. For instance, we may find the discriminant 
of the polynomial f in one variable by looking for the resultant 
n—1): ey, of 


wags We mean by 


of the two polynomials of order ( 


the latter strange expression the eects 
a) The polynomial has been changed to the homogeneous 
form in x and z as above. 
* Cf. Bécher, pp. 191-7. 
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b) The homogeneous polynomial has been differentiated par- 
tially with respect to z. 

c) In the resulting polynomial z has been made equal to 1. 

It is purely a convenient formal process which the student 
will find quite easy in practice. 


§ 2. Polynomials in NV variables 
One of the most frequent phrases used in geometry is to say 
that a certain statement is true ‘in general’. It is time to give 
an explicit meaning to this convenient but dangerous locution. 
Definition. If the truth or falsity of an algebraic statement 
depend upon the values taken by N independent parameters 
X14, Vo,...,ey, Which are free to vary in certain continuous well- 
defined N-dimensional regions, then this statement is true ‘in 
general’ if a sufficient condition for its truth be given by an 
inequality 
D (4525, -:55 Bn) 0, (10) 
where ® is a polynomial which does not vanish identically for 
values of #1, p,...,Zy in these regions. 
If ® can never vanish for values of the variables in that 
region, the theorem is true universally. 
Let us take some examples. Consider the straight lines whose 
equations are 
a,x-+-by-+c, = 0 
a,x+b,y +c, = 0. 
We may say that they have ‘in general’ a common point, for 
a sufficient condition therefore is 
ay by 
Ay by 


#~ 0. 


This condition is sufficient; it is not necessary; for they might 
be identical, in which case there are plenty of common points, 
although the determinant vanishes. 

If the polynomial ® do not vanish identically for sets of values 
in the regions, then to equate it to 0 will impose an extra con- 
dition on the variables. We may test whether it vanish identi- 
cally or not by seeing whether we can find a single set of values 
for which it does not vanish. If, thus, the truth of a statement 
depend on an inequality such as (10), and if we can find a single 
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set of values of the variables in the regions for which the 
inequality is satisfied, then the statement is true in general. 
We may extend our phrase further. A point in the plane is 
said to be ‘in general position’ if its coordinates x and y satisfy 
an inequalit 
tage O(e,y) £0. 


We use the same form of speech when the point is restricted 
to a particular region, or particular curve; we speak of a general 
curve of given order, etc. 

In practice we approach the matter from the other end. If 
a necessary condition for the ‘falsity’ of a certain statement be 

Ol Fas ea) eee. 

and if this polynomial do not vanish identically for sets of 
variables in the region, then the statement is true ‘in general’. 
We mention, once for all, that we accept the logical canon of 
the excluded middle as valid. We make no attempt at defini- 
tions in a system of mathematics where a statement is not 
compelled to choose between truth and falsity. 

Definition. N polynomials f,,f,...,f,y in as many variables are 
said to be ‘independent’ if 


of Ob, 
Gam Matis NS Cay 
ofe ofs 
ee tela dean go bes Oana dwle seg 11 
Ox, Cay See ie 
Claes Oxy 


We see that NV polynomials of a given degree are ‘in general 
independent’, for we can easily pick N whose functional deter- 
minant is not 0. 

Let fi, fo-fy be most general polynomials of degrees 
N41) Ngy.+- Ny respectively in the variables xj, »,...,Xy- There will 
then exist a polynomial ®(z) in a single variable z which has the 
following properties: 

a) It is ‘in general’ of degree nynp...ny. 

b) Its roots are ‘in general’ distinct. 

c) They are in one-to-one correspondence with sets of solutions 


of the equations ee fen f 0, 
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This is the rigorous statement of what we put in more common 
form as 

Bézout’s Theorem 9] NV polynomial equations of degrees n,, No, 
wy Ny in N variables have in general n,no...ny common solutions. 
When the number is greater than this, it is infinite.* 

This theorem may, of course, fail completely in particular 
circumstances. When the polynomials are not independent 
there may be an infinite number of sets of solutions, or there 
may be none at all. The case where NV = 2 is the one of greatest 
interest to us. Let us work out a proof in detail. We begin © 
by writing out two general polynomials in x and y of degrees 
n and m respectively. 


fle, y) = age" +a,2"4+...14, 0+, 
Oy, = Aygy YP +O YO. FO gy 

(x, y) = byx™+b,2"-14 45, +b, 
by = by y' +b y+... +p. 


The resultant, by theorem 7] has the weight mn in a’s and 
b’s, and so, ‘in general’, is a polynomial of degree mn in y. 
Each root of this polynomial will ‘in general’ correspond to 
a single x which with it will make both f and ¢ vanish. 

Theorem 10] Z'wo algebraic curves in the same plane have, in 
general, a number of intersections equal to the product of their 
orders. 

Suppose that we have three curves of orders N4, Ng, Nz TESPec- 
tively, their resultant is, by definition, the polynomial whose 
vanishing is the condition for a common point for the three.t 
Let us replace the third polynomial f,(x, y) by f(x, y)+rd3(2, y). 
The degree of the resultant, in the coefficients of fs, will be 
the degree in r when the substitution has been made, and so is 
the number of curves of the linear system fs+7¢ 3, through the 
intersections of f, and f,, i.e. nyo. 

Theorem 11] The resultant of three polynomials in two variables 
contains the coefficients of each to a degree equal to the product of 
the orders of the other two. 

* Cf. Enriques-Chisini, vol. ii, pp. 102 ff. 


f For an elaborate discussion of the method of finding this, see 
Morley. 
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It is clear from this that if f, and f, meet in (2,, y,), (a; Yo)... 
the resultant differs by a constant factor from 


fs(%15 Yr) fa(%25 Yo)-+» = IT fa(@i, Y:)- (12) 


Reverting to our general theorem 9] we shall get an infinite 
number of common solutions when ¢(z) has too many roots, 
i.e. vanishes identically. On the other hand, this polynomial in 
z might reduce to a constant and so have, ‘in general’, no root. 
But when the constant is 0 there would be an infinite number. 

Theorem 12] Jf N polynomial equations in as many variables 
have ‘in general’ no common solutions, then if for particular values 
of the coefficients they have one solution, they have an infinite 
number. 

An example of this curious state of affairs is worth con- 
sidering. Consider a rigid motion of space. The coefficients of 
collineation may be expressed in terms of six independent para- 
meters by the formulae of Olinde Rodrigues. Let us try to find 
a rigid motion which will carry two points AB into two others 
A’'B’. Three conditions are imposed by carrying A to A’, three 
others by carrying B to B’, six parameters, six conditions. 
Nevertheless we know that the problem cannot usually be 
solved; the polynomial ¢(z) is a constant. In the special case 
where the polynomial is 0, the distances AB and A’ BD’ are equal, 
and there are an infinite number of rigid motions that will effect 
the transformation. 

The process of solving the simultaneous equations 


f(x,y) = 9 p(x, y) = 0 

is the process of finding the intersections of two curves. If the 
polynomials have no common variable factor, it must be pos- 
sible to find such a set of Cartesian axes 2’y’ that no two 
intersections have the same abscissae. There will, then, be such 
a polynomial R(x) that each of its roots gives just one inter- 
section, or one set of solutions in x and y. 

In studying polynomials in many variables we often reduce 
to homogeneous form, as we did when there was but one. Thus 
if the original variables be 21, %»,...,%y, we change f(2,, Xq,...,Xy) to 


xX, «x x 
P(Xq; X,---, Ey) = oy (7 ? 2 geen 3) 
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If we do not care to use the homogeneous form, we repeat the 
curious trick suggested above of differentiating partially with 


respect to 1; we mean by the expression S , where subse- 
quently we have to place x= 1. 

In dealing with certain expressions in homogeneous variables, 
especially certain linear expressions, it is convenient to use the 
language of projective geometry of hyperspace. We very easily 
prove* 

Theorem 13] If the coordinates of a system of points in N-space 
be linearly dependent on those of k-+-1 linearly independent points, 
the multipliers taking all possible sets of values not all 0 at once, 
then these points form the total intersection of N —k linearly 
independent hyperplanes, and conversely, the coordinates of every 
point in such an intersection can be expressed in this way. 

A hyperplane, of course, is the system of points whose co- 
ordinates satisfy a single linear equation. Let the reader prove 
the well-known 

Theorem 14] The sum of the numbers of dimensions of two flat 
spaces lying in a third is equal to the sum of the number of dimen- 
sions of their common space, and of the smallest space that can 
contain the two. For this purpose a point is counted as a space of 
0 dimensions, and non-intersection as a space of —1 dimensions. 

The fact that a k—1 parameter algebraic variety in a space 
of & dimensions is given by equating a single polynomial to 0 
has far-reaching consequences. Let us prove that if such a 
variety lie in a space of N > k dimensions, it can be projected 
into one lying in & dimensions. Thus, in particular, any curve 
can be projected into a plane curve. 

How many linearly independent spaces of / dimensions are 
there in a space of N dimensions? Such a space will be deter- 
mined by its intersections with /+-1 linearly independent spaces 
of N—/ dimensions. The number sought is thus (V—/)(/-+-1). 
The number through an arbitrary point is /(N—l1), and through 
an arbitrary line is (/—1)(N—l). 

Let us next notice that it is not possible in NV dimensions that 
every space of N —k dimensions that meets the variety of k—1 
dimensions once should of necessity meet it more than once. - 

* Bécher, pp. 50-2. 
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For the lines from a point of the variety to the other points 
of it depend on kK—1 parameters, so that if we add k—1 to the 
number of parameters giving the spaces of N—k dimensions 
through a line we should, if each such space meeting the variety 
once met it twice, have the number of parameters of the spaces 
through a point. We should have 
(N—k—1)N—(N—&)]+ (4-1) = (N—E) |W —(N—E)], 

and this is not true. We therefore take a fixed space of N—k—1 
dimensions and through it and through each point of the variety 
pass a space of N—k dimensions. Such a space will not usually 
meet the variety again, and will have one intersection with a 
fixed space of & dimensions, whereon it projects the given 
variety into another of kK—1 dimensions. The two are in one- 
to-one correspondence. If coordinates of points in our NV-space 
are given by 2%,j,...,%, and those of the fixed k-space by 
Yo> Y1s--+» Yx» the variety in the y-space will be given by a single 
homogeneous equation 


F(Yos Yrs-++2 Ya) = 0, (13) 
each corresponding x will depend rationally on the y’s, each y 
on the x’s 


t= PBYoYr-Yn) += 0,1,..,N. (14) 

Theorem 15] The homogeneous coordinates in N-space of the 
points of a k—1 dimensional algebraic variety may be expressed 
as homogeneous polynomials of the same degree in k-+-1 inde- 
pendent parameters, which parameters are connected by a single 
homogeneous polynomial equation. 

In practice it is often convenient not to use homogeneous 
parameters in the one space or the other. Under such circum- 
stances the number of parameters involved is less, but it may 
be necessary to use rational functions instead of polynomials.* 


* Cf. Segre’, p. 47. 


CHAPTER II 
ELEMENTARY PROPERTIES OF CURVES 


§1. Ordinary and singular points 


Derinrrion. The totality of points in the plane whose Car- 
tesian coordinates satisfy the equation 


S(«,y) = 9, (1) 


where f is a polynomial of the nth order not a constant, shall 
be called a ‘curve of the nth order’. If the polynomial be irre- 
ducible, the curve shall be said to be irreducible, otherwise 
reducible. The curve obtained by equating each irreducible 
variable factor of f to 0 shall be called a ‘factor’ of the curve f. 
If we prefer homogeneous variables we write 


fle.y.2)=2"4(E, 4) =o. (2) 


A linear homogeneous equation in 2, y, and z will represent 

a straight line. There will be no exception to this rule if we 
agree to call 

Z==.0 (3) 


the line at infinity. A set of three homogeneous coordinates of 
which the third is 0, but not both of the first two, shall be 
called an infinite point. 

The two finite points 


eiy32=1:42:0 


are called the circular points at infinity. A finite line through 
one of them is called an ‘isotropic’. It fulfils the condition of 
being perpendicular to itself, and the distance of two finite 
points thereon appears as 0. The angle of two intersecting lines, 
i.e. of two lines with finite intersection, neither of which is iso- 


ae 1 ee: 
tropic, is known to be 3; multiplied by a cross ratio which they 


form with the two isotropics through their intersection. 
The most convenient way to handle a straight line in many 
problems is what is known as the parametric method. If 
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ere connect the two points (x1, ¥,,2,) and (5, Y,%,) we may 
wri 
© = §5% +E. 
Y = Sit $eYo (4) 
22> £52, +& 520. 
Substituting in (2) we get 
$(f1; &2) = 0. (5) 
If the discriminant of this homogeneous equation be not 0, 
and if it be not satisfied identically, the line will give just n 
different points of intersection, of which at most one is infinite. 
Theorem 1] A curve of order n will, ‘in general’, intersect a 
straight line n tumes. If tt have more than that number of inter- 
sections with any straight line, it must contain that line as a factor. 
Suppose that for every line through a given point, let us say 
the origin, the discriminant of equation (5) has a multiple root. 
Let us suppose that the origin is not a point on the curve. In 
non-homogeneous form, if we put 
= Ie yoo fy, hn} = 0, 
then the equation has a multiple root for every value of l. 
pc nave flac, lee) = [b(, la) rob, Ta). 
If the multiple factor were independent of J, then every line 
through the origin which is not on the curve would meet the 
curve in’a point with a fixed abscissa, which is absurd unless 
the curve contain a vertical line. Hence this factor is not in- 


dependent of J, and we have, replacing / by = y 
f(z, y) = [pe y)Vb@, 9). 
Theorem 2] Jf all lines through a point not on a curve meet 


a curve of order n in less than n distinct points, the curve is 


reducible with a multiple factor. 
Let us suppose (2%, Yo) is a point of our curve so that 


f (Xp; Yo) = 0, 
and find where a line through that point meets the curve. We 


baxe XL = Xo +pcosd Y = Yo+psind 
= P+ sino I 51 afi ii 
flesy) =p(cosdst tino) +5 Fe ge On 10) 
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There will always be one root p = 0 since every line through the 
point (29,4) has one intersection accounted for by that point. 
There will be a second intersection accounted for in the same 


way if 
(cos 0 oF +sino <1) == 0, 


There are two cases which must be distinguished carefully. 


A) If Ze of are not both 0, then the straight line 


(en) +o t (7) 


has two intersections eee for, eae no other line through 
the point has the same property. This is the tangent, for its 
slope is 


A point of the curve where these two partial derivatives do not 
vanish is called an ‘ordinary’ point. 
Theorem 3] At a finite ordinary point of an algebraic curve 
there 1s but one tangent, whose equation is given by (7). 
Suppose that 
of at 
Yo 
Then, in the vicinity of the pair of values xp, yp, y is a single- 
valued continuous function of x, with a continuous first deri- 


vative of 
dy _ x 

des cep 

ey 


Itis therefore an analytic function of z—a, developable in power 
series by Taylor’s theorem 


Y = Yot @(4—2Xo)+a,(%7—MXq)?-+... (8) 
This series will be convergent to the nearest point where =; 
y 


Theorem 4] In the vicinity of an ordinary finite point where 
the tangent is not vertical, y may be expressed as a convergent 
power series in terms of ~—2X_ where xy is the abscissa of the point 
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in question. Where the tangent is vertical we merely have to inter- 
change the roles of x and y. 


- of (ite 
Oy Yo 


If these equations be satisfied for an infinite number of points, 
the curve is reducible with a multiple factor. We exclude this 
case. We assume, to be perfectly general, that 


es 


axkey? Pitaeie = 
of 

#0 ptgar. 

aahey 


(The number of conditions imposed is ne! 7 
We see from equation (6) further expanded that every line 
through this point will have r intersections accounted for there, 
but not, ‘in general’, more than r. Under these circumstances we 
say that the curve has a singular point of multiplicity or order r. 
Further intersections of the line through (x9, y,) will fall in 
there if 


CLS rap aa ile om sin’—19 cos 0+... aia 72 cos'8 = 0. 
Yo Yo 


This is the equation of the directions of ae tangents at the 
singular point. If they be distinct, the singular point is said to 
be ‘ordinary’. An ordinary double point is called a ‘node’. 

Theorem 5] Jf at a point of an wrreducible curve all partial 
derivatives of orders less than r vanish, but not all those of that 
order; the curve has a singularity of order r, and a general line 
through that point has r intersections accounted for there. There 
are at most and in general r tangents at that point, each with more 
than r intersections. 

Suppose that we have an ordinary singular point of order r, 
and that no tangent is vertical, i.e. if A be the slope of a tangent 
we have of eo a 

a yr rr-1 Al ae 
Yy(A) = ayk + dugdye- Hive cinta Zak 0. (9) 
This equation has r distinct roots as the singularity was assumed 
3781 re) 
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to be ordinary. In the equation of the original curve in terms 
of (x—2o), (Y—Yo) let us put 
Y = Yo tA(u—HXq) 
h(x, A) = (e@—aXo)"[Yo(A) + (%— ap) (A) +.-.] = 0. 
Consider for a moment, not the (x, y) plane, but the (x, A) 
plane. The line = x, meets the curve just above in r distinct 


points, at each of which 4 +0. We have, therefore, 7 different 


developments 
Y =X; +Bie(t—%Xq)+-Bi3(4—X)?+... 


and corresponding to them r developments 


Y = YotA(—2p) + Bi2(*—Xp)? +B i3(#—2%p)? +... 

Theorem 6] In the vicinity of an ordinary singular point (a, Yo) 
of multiplicity r, where no tangent 1s vertical, there are just r dif- 
ferent developments for y in terms of x—2 . These developments 
will give all points of the curve in that immediate vicinity. 

Definition. A point of the second order with a single tangent 
which has just three coincident intersections with the curve is 
called a ‘cusp’. More generally, a point of multiplicity r with 
a single tangent that meets the curve only r+-1 times is called 
a ‘hypercusp’. Suppose that we have a cusp at (xp, y)) and that 
the tangent has a slope A, which is finite. If the equation of the 
curve be written in terms of x—2, and y—y, we shall have 


f(x,y) = [y—Y) —Ay(®— M9) P+ atg(@— ap)? + g(a —2o)"(Y—Yo) + eee 


= 0 
a, ~ 0. 


Replace y—y, by A(x—2ap) 
(%—2Xo)"p(w, A) = (@—ai9)"{(A—A,)?-+ (4-2 q)(Ag+b,A+...)} = 0. 
The point (v,A,) is an ordinary point of (x, A) = 0, 


(t—ay) = 


(A—Aj)?-+-¢3(A—A})?-+.... 
Let us call this ¢#, and revert the series, 
A—A, = ayt-+aigl?-+... 
= 01,(%—Mq)* + a%9(%—Mp)... 


Y—Yo =Aj(%— Xp) + ay (L—ap)* + a49(—a’y)?- ... (10) | 


yah 
a3 
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Theorem 7] In the vicinity of a cusp (a,Y) with non-vertical 
tangent there is an integral power-series development for y in terms 
of the square root of x—ap. 

The question presents itself naturally: Does a curve of given 
order ‘in general’ have a singular point ? If (x, y)) be a singular 
point, that point is common to the three curves 


0 oy 
Euler’s theorem tells us that 
obey t ma; 
so that the point (2, y)) is common to three curves of order n—1 
ee ees, 
ox oy al 


Do such curves usually have a common point? The necessary 
and sufficient condition for such a point is that the resultant 
should vanish. Now the resultant will not vanish identically 
for all curves of any chosen order n, for it does not when the 
original curve has the equation 

ayy" +1=o. 

Hence a definite condition must be imposed on a curve if it 
is to have a singular point. 

Theorem 8] A curve of given order has not, in general, any 
singular point. 

The conditions written above for a point of multiplicity r and 
no more, namely, that all partial derivatives of order less than 
r should vanish, but not those of order 7, can be put into more 
symmetrical form by differentiating to x, y, and 1 as already 
explained, and making repeated use of Euler’s theorem. The 
reader will easily prove: 

Theorem 9] A necessary and sufficient condition that a point 
should have the multiplicity r and no more is that all partial 
derivates of order r—1 with respect to x, y, and 1 should vanish 
there, but not all of order r. 

Euler’s theorem enables us to rewrite the equation of a tan- 
gent at an ordinary point in the form 

Ho By Eo. (11) 
Oy yy” 
C2 
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If w and v be coordinates of a straight line in the sense that 
a general line not through the origin is written 


uxtvy+1= 90, 
then if this line be the tangent at (2, 4)) we shall have 
yk oO 7) 
f yd FF F (0: Yo) = 9. 


Cty al dy, «al 
If we eliminate 2,4) from these three equations we get an 
equation 
b(u,v) = 0 


If the curve have no singular point, this gives the necessary 
and sufficient condition that a line shall be tangent to it. If we 
write the equation of a straight line in homogeneous form, 


ux+vy+w = 0, 
the corresponding homogeneous tangential equation will be 
d™(uU, v, Ww) = 0. (12) 


The quantity m, when the curve has no singular points, is called 
its ‘class’ and is the number of tangents through a general point. 

If the curve have singular points, the straight lines through 
them will have coordinates which satisfy the last equation, for 


OF ess 3 ep 


The polynomial ¢ will be factorable, some factors corresponding 
to lines through multiple points counted each a certain number 
of times. We shall determine this number subsequently. It is 
clear right now that, corresponding to multiple points, a curve 
may have multiple tangents, that is to say, tangents which 
count multiply among the tangents to the curve through any 
one of their points. Let us seek them. 

We assume that our curve has only ordinary singular points 
and cusps. In the vicinity of any point not a cusp, where the 
tangent is not vertical, y can be expressed as an integral power 
series in terms of x—2). When a point of the curve has been 
picked, we may choose the axes so that the tangent, or a par- 
ticular tangent, is horizontal, and the point is the origin. We 
shall get a development 


y = anv? +a,x8-+.... 


— 
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We may write this in terms of an auxiliary parameter 

gst y = at*+a,f+.... 
The equation of the tangent will be 

y— (apt?-+-a,t3 +...) 

x—t 

(2a,t-+ 3a,1?+-...)e—y = apt?+ 2ast?+.... 

Let us see whether the x axis is a singular tangent, i.e. whether 
it counts as several tangents to the curve from each of its points, 


For what values of ¢ will this tangent go through the point 
(x,,0) 2 We must have 
t[2a.%,-+ (3a,x,—a,)t-+ (4a,7,—2a,)é+...] = 0. 

If a, ~0 the tangent has ordinary two-point contact; the 
equation here has but one root ¢=0, which means that the 
tangent counts as but one tangent to the curve with contact 
at the origin, from a general point on the x axis. If the tangent 
be a singular tangent it must have another point of contact 
elsewhere. 

If a, = 0, a; 40 the tangent is an ordinary inflexion, since 

dy dy 

Tae 0 aus 7 Us 
It counts as two tangents to the curve from an arbitrary point 
of itself, and three from the point of contact. The reader will 
have no difficulty in extending the reasoning so as to determine 
the multiplicity of a tangent with as high contact as desired; 
the multiplicity is one less than the number of coincidences 
at the point of contact coming from the series development 
of the curve. 

We must now see whether a cuspidal tangent is multiple. 
We take the tangent as horizontal and write from (10) with 
%y = Yo = 0,A,= 9 

t= Y = a4 t3 + aft agl?+... 
dy 3 


5 
ee = gual Post 5 tab Poe 


The equation of the tangent will be 


84g ft 5 
y—(oqt Oot a) $e t+ 2at?-+- SCH a 
x—t? anit ‘ 


= 2a,t+ 3a,l?+... 
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To find the tangent from (#,,0) we write 


There is just one root t = 0, unless 2, = 0, in which case there 
are just three. This indicates that the cuspidal tangent is not- 
a singular tangent. There is a correlation between a cusp and 
an ordinary inflexion which is worth pointing out at this time. 


Cusp. Inflexional tangent. 
Point is double. Tangent is double. 
Tangent is non-singular. Point is non-singular. 
Tangent has three-point con- Tangents count as three from 
tact. point. 
Tangent counts as three. Tangent has three-point con- 
tact. 


A double tangent with distinct points of contact shall be 
called a bitangent. A multiple tangent where all points of con- 
tact are distinct shall be called an ‘ordinary’ multiple tangent. 

Let us now take a general correlation of the plane 


pu = AyT+Ay.Y +A; 

PU = Ay ®+Ag2Y +-Aog 

PW = AgyX+-AzoY +033 
|a;;| 3# 0, 


We establish the following correspondence: 


Point. Line. 

Line. Point, 

Point of a curve not a line. Tangent to a curve. 
Ordinary singular point. Ordinary singular tangent. 
Node. Bitangent. ; 
Cusp. Inflexional tangent. 
Cuspidal tangent. Inflexion. ’ 


We next take up in a particular case the vitally important 
problem of determining how many intersections two given 
curves have at a given point. The complete solution of this 
problem cannot be given before Book II, but we are able at 
this point to cover a very important case. 
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The point in question shall be the origin; the two curves can 

be written 

> (Y—Ae)(y—Agz)... (Y—A,x) +P = 0 

f= (y—Ay'x)(y—rj’2)...(y—A,'x) +p’ = 0. 
We make once for all the assumption that no tangent to one 
curve there is tangent there to the other also. The tangents to 
either curve may differ or coalesce as they choose. We write 
a third curve 


f° = Y—H2)(Y — Hat). (Y— pt) + (1)! = 0. 

How many intersections has this with f at the origin? In 
general the y,’s are distinct and not infinite, also different from 
the A’s. We have s developments for y in terms of x: 

y = b,,;4-+b, 947+... 

Substituting in f since bj, 4A,, each will give r intersections, 
hence in general the number of intersections is rs; in particular 
cases it might be more, but never less. If for a general value 
of <«, and particular values of j14, (o,..., there were more, then 
there would be more when «= 1. But in this case there are 
always exactly rs provided p;A,;. Hence there are always rs 
when p; 4d; 

Fundamental Intersection Theorem 10] Jf two curves have 
a common point, but no tangent to one is tangent to the other there, 
the number of intersections accounted for by this pownt is the pro- 
duct of its multiplicities for the two curves. 


§ 2. Determination of a curve by points, Néther’s funda- 
mental theorem 
Suppose that we have a general curve of the nth order given by 
hi (2, y)=9, 
f is supposed to be the general polynomial of degree n. The 
number of coefficients, including the constant, is 
] 2 3 
Pegs. stint) = aa = a 2 

Theorem 11] A curve of the nth order 1s completely and uniquely 
determined by . independent linear homogeneous conditions 
imposed upon the coefficients. 
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The most obvious way to impose a linear homogeneous con- 
dition is to require the curve to contain a chosen point. There 
are cases where assigning a certain number of points to a curve 
will not impose independent conditions thereon. The simplest 
case is where n — 3. T'wo curves of the third order intersect, in 


6 
general, in 9 points, so that although ao = 9, there are cer- 


tainly cases where 9 points do not determine a single cubic 
curve. On the other hand, if we take 4 points on a line, and 
5 others on a non-degenerate conic, it is clear that any cubic 


through the 9 points must include the line, since it meets it four 


times. The remainder must be a conic through 5 given points, 
and this :also is uniquely determined. There is thus but one 
cubic through these 9. points. 

If we can show that for a general value of n we can find such 
n(n+3) 
2 
through them, then it follows that if an arbitrary set of this 
number of points be taken, the conditions which they impose 
upon a curve of order 7 are not necessarily dependent on one 
another, or through these points will pass, in general, a single 
curve of that order. We find the points by the following simple 
device.* Given an irreducible curve of order n, and n lines 
1,,1,,...,4, 8o situated that each meets the curve in 7 distinct 
points, no two lines being concurrent on the curve, or on a third 
line. Let P be a point on the curve, but not on any one of the 
lines, then choose two intersections of the curve with J,, three 
intersections of the curve with J,, and so on, so as to include 
finally m intersections with each of the last two lines. The 

number of points chosen is 


a set of 


points that there is but one curve of order n 


__ n(n-+3) 
Sa 


If more than one curve of order n could pass through all of 
these points, there would be at least a one-parameter family 
of such curves. We might find one curve of the family to pass 
through an (n+1)th point of J, and so include the whole line. 
The remainder would be a curve of order n—1 which meets 


VOOR. gen a in 


* Berzolari?. 


a 
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J,-1 ™ n points, and so includes the whole of it: the remainder 
is a curve of order n—2 that meets 1, in n—1 points, and so 
includes it. Continuing in this way, it.appears that the curve 
would have to include all of the lines, and therefore could 
contain nothing else. But then the point P would be left out. 


Theorem 12] Through ——— tee ) points im general position will 


pass one and only one curve ie order n. 

Theorem 13] On any curve of order n which is not reducible 
with a multiple factor, we may in an infinite number of ways find 
Via points which do not lie on any other curve of order n. 

Consider next two curves which have only ordinary multiple 
points and cusps. If they have a common ordinary point, or 
ordinary singularity, with no common tangent there, we know 
just how many intersections they have. Suppose, however, that 
there is a common tangent, and that we have for the two the 
developments 

Y—Yo = Ay(X—2Xq)-+-Ay(4¥—Xp)? +... Ay _a(T—Xy)*-* + a, (L— 2p)" 
Y—Yo = 4,(4—Xq) + 4,(4—2% 9)? ... + Oy-1(4—%q)*1 +b, (@—Hq)* 
by, Fay. 

Subtracting, 

O = (4—2%o)*[(Aj,— Og) + Aes — Opa (C—H%) +-.-]. 
We see that k intersections of these two developments occur at 
this point. We shall express this by saying that the two meet 
at this point and at k—1 other infinitely near points. If we 
have the development given for one curve, and not the other, 
so that we have 


Y—Yo = %y(%—Xq) +.4(%—MXq)?+...; 


$(2,9) = $lor4e)+ (et) tu ae so. eh, 


then to require a certain number of a a of one curve 
with the branch of the other would be accomplished by sub- 
stituting power series for y—y, from one of these equations in 
the other, and then requiring that there be a certain number of 
roots x—2, = 0, and these conditions will be linear and homo- 
geneous in terms of the coefficients of the second equation. ‘The 
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same thing will happen if the second equation is written as here, 
while the first curve has a cusp which we express in the form 
I—2, =F" Y—Yo = af+a,f+... 

Given two curves with only ordinary singular points and 
cusps. If a third curve be required to have multiplicity 7;+-s,—1 
or more at each point where the first has multiplicity r; and 
the second multiplicity s;, the conditions imposed on the coeffi- 
cients of the third curve are linear and homogeneous whether 
the given points be distinct or grouped in infinitely near sets. . 

We next proceed to the much more difficult task of studying 
the independence of such conditions. Let the two curves be 
¢ and %. One intersection of the two is the origin, where they 
have the respective multiplicities 7,8), the other intersections 
are P,,P,..., and the respective multiplicities 71,81; 75, 89..... Let 
Listy... be a set of lines through P,, 1,,,J,9... a set through P,, 
and so on. The multiplicity of the curve we seek shall be in 
each case 7;-+s,;—1 or more. We write the extremely uncouth 
equation 


28 = he lage = ome 2 
(Y— 444% — Ay 9%" — ... —Ay yh? )(Y—Ap 4X —AgoX?—.., AggX4)... 
= i VA De nats 17D Pe amet 
(Y—4yy%— Ayo? —... —ay a” 12. 181182... = 0 


R=7)+8)—1. 

Here, if all of the exponents of the l’s be large enough, the 
conditions at the points P,,P,... are all fulfilled. We may 
manipulate the coefficients a;; in such a way that all of the 
tangency conditions at the origin are fulfilled but the last one. 
Hence this last condition cannot be a result of the multiplicity 
conditions at O, or of the other tangency conditions at O, or of 
any of the conditions at any of the other points. Any identical 
condition among the conditions cannot include the last tangency 
condition. This being out of the way, we can manipulate the 
a,;8 so that the next to the last tangency condition is fulfilled 
or not, hence this also is independent of the others, and so on. 
Continuing thus we see that any identical relation that may 
subsist among the conditions cannot involve the tangency con- 
ditions at O. We next write a curve of the form 


actyP[sts2...08182.. = 0 atB=ry+s,—2. 
Here all the conditions are fulfilled at P,,P,... and all of the 


{ 


: 
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multiplicity conditions are fulfilled at O except an arbitrary one 
of the last set. Hence this condition cannot result from the 
others, or an identical relation could not include any one of 
the multiplicity conditions of highest order at O. We go through 
the same reasoning when a+8=7)+8)—3 and see that any 
identical relation among the conditions could not involve a 
multiplicity condition of next highest order, and so on. Finally 
we see an identical condition could not involve the origin at all. 
But this is any one of the intersections. These requirements are 
linear in the coefficients. Hence, they cannot introduce addi- 
tional singularities in unspecified situations, for the conditions 
involved are not linear. Nor could they introduce undesired 
singularities at specified places, for we can avoid this by 
changing the /’s. 

Theorem 14] If the order of a curve be sufficiently high, the 
conditions which require it to have multiplicity at least r;-+-s;—1 
at each point where one of the curves has multiplicity r; and the 
other multiplicity s,, neither number being 0, are independent, and 
additional singularities are not necessarily introduced. 

Let f be a curve of very high order which fulfils this condition 
with respect to two given curves ¢ and # of orders n, and n, 
respectively. Its coefficients have been subjected to 


SE ee 
: 2, 


independent linear homogeneous conditions, so that the amount 
of freedom left is 


(n+ i (r3+8:)(%7+8:—1) we | 


? 


2 2 


Next consider a curve whose equation takes the form 
dy +p’ = 0, 
Here ¢’ is a curve of order n—n, which has at each intersection 
of ¢ and % a multiplicity r,;—1 at least, and we may imagine 
n so very large that the conditions imposed on ¢’ are inde- 
pendent. In the same way ’ is a curve of order n—n, with 
multiplicities s,—1 all independent. The curve whose equation 
we have just written fulfils all of the requirements imposed on /f. 
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We next ask whether this same curve could be written in 
more than one way. This is the case. We write 


By +d! = bh 4g" 
d'—#') =4(¢'—-#’) 
F=e+0p ff =y'—Oy. | 
Here 0 is a general polynomial of degree n—(n,+M,). The 
reasoning is reversible, the real freedom of a curve compounded 


out of ¢ and ¢ in this way is the apparent freedom, less the 
freedom of 9. The real freedom of the compounded curve will be. - 


(n—n+1)(n—Ng+ 2) r(rg—1) , (n—2,+1)(n—7,+2) 
; 2 “3 ; oe 1 5 1 a 


eye ees Rasa Sle Bie 7 
2 2 


Set Neotd) Lsec Oe UT em 


t 


But NyN2 = ya 7,84) 
v 


since either gives the total number of intersections of ¢ and ws. 
Hence the amount of freedom is 
(n+ SaaS (rs+8;)(r¢+8,—1) _ 1 
2 2 i 
and this, as we saw above, is exactly the freedom of f. We have 
thus shown that if the order of f be sufficiently high, it can be 
compounded out of ¢ and % in exactly this way. 

What will happen when the order is less high? It is con- 
ceivable that there are some curves of order greater than n,+7 
which fulfil the conditions at the intersections of ¢ and #% but 
do not take this form. Let f be such a curve of the highest 
possible order where this compound form is not obligatory. It 
will be obligatory if we multiply f by a linear expression, i.e. if 


ax-+-by+c = 0 
be a straight line not through any intersection of ¢ and 
(av by +e) f= bp’ + bg" 
= P(b'— Ob) + h($' +69). 


Chap. II DETERMINATION OF CURVES BY POINTS 29 


Here @ is an arbitrary curve of order n-+ 1—n,—n, or a con- 
stant when that difference is 0. The curve 


y—0b =0 

contains the m, intersections of the line with %. The total free- 

dom of this curve ig @—("t%)+2][n—(my+5)+3] 
2 


and is 


greater than n—(n,-++n,)+1 when n >n,-+-n.. We make use of 
this freedom to make our curve +’—6s = 0 go through other 
points of the line, or meet it altogether in n—n,-+2 points, 
i.e. include it as a part. We have, then, 


(ax by-+e)f = d(ax-+-by-+c)h" +(¢'—64). 
Clearly ¢’—6¢ must be divisible by aw-+-by-++c. Dividing this 
factor out, f= bb" +d”. 
Let us suppose, lastly, that the order of f is 


N= N4+N2—L l<l<n<ny 


xf = bh" +9", 


where y is a polynomial of order J. 
We may write this equally well 


xf = db" + pb) +b(b" —p?¢). 


Every curve ¢”—p¢ passes through all the intersections of x 
and ¢, for ¢ and ¢” both do so. If, then, we use p to make this 
curve include one more point of y it must include the latter 
completely. So will %”+ px. As before, we may divide out x 


and get f= dp!’ +d". 


We may sum up all these results in a statement which is of 
absolutely vital importance in our whole theory.* 

Nother’s Fundamental Theorem 15] If two curves ¢ and 
have only ordinary points or ordinary singular points and cusps 
in common, then every curve which has at the least the multvplicity 
r;+8;—1 at every point, distinct or infinitely near, where > has the 


* Of. Néther!. There are many proofs extant of this famous theorem, we 
have followed Scott’. 
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multiplicity r,; and the multiplicity s;, neither of these latter 
numbers being 0, can be written 

f= oh +4¢' = 0, (13) 
where the curves $' and o' have at least the multiplicities r;—1 
and s,—1 respectively. 


§ 3. Residuation 

Definition. A curve which has at least the multiplicity r;—1 
at each point where a given curve, possessed only of ordinary 
singular points and cusps, has a multiplicity r; shall be called. 
an ‘adjoint’ to the given curve. When the given curve is of 
order n, an adjoint of order n—3 is called a ‘special adjoint’. 
It is not, of course, immediately evident that special adjoints 
exist. 

Definition. Two groups of ordinary points on a curve with 
only ordinary singular points or cusps are said to be ‘residual’ 
when they constitute together the total non-singular inter- 
section with an adjoint curve. 

Suppose that two groups of points G',,G, are residual on a 
curve f. Let ¢ be the adjoint which cuts them. Let G, and G4 
be residual groups cut by an adjoint ¢’, while G, and G, are 
residual groups lying on an adjoint 4. The curve ¢’¢ contains 
both groups G,, G,, and at a point where f has multiplicity 7, it 
has multiplicity 2(r;—1)=7,+(r;—1)—1. Hence by Nother’s 
fundamental theorem we have the identity 


Pb = Of +y'd. yl) 

By the same theorem 7’ must be an adjoint, and it clearly 
contains as its non-singular intersection with f the two groups 

1, Gg. This gives the 

Residue Theorem 16] Jf two growps be residual to a third, 
every group residual to the one is residual to the other also.* 

Two such groups are defined as ‘co-residual’. 

The residue theorem is easily generalized in the following 
manner. 

Definition. Given two groups of ordinary points on a curve 
with only ordinary singular points or cusps, P,, P,... of multi- 
plicities 7,,7,..., they are said to be ‘pseudo-residual with the- 


* Cf. Brill and Nother, p. 273. 
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EXCESSES P,, po...’ Where p; > —(r,;—1) if they constitute the total 
non-singular intersection with a curve whose multiplicity at P,, 
is at least r;+-(p;—1). 

Suppose G, and G, are pseudo-residual with these excesses, 
G, and G, pseudo-residual with the excesses o,, while Gy and 
G, are pseudo-residual with the excesses 7,, and that oO; +7; > p;- 

Using our notation for the residue theorem, at P. ¢ has 
the multiplicity r;+-;—1, ¢’ the multiplicity r,;+0,—1, and 
the multiplicity r;+-7;—1. Nother’s theorem and equation (15) 
apply, since 

r,+0,—1+7,+7,—-1 >7,+p,—-1+4+7,—1. 
It appears that #’ is a pseudo-residual with the excesses 
OTs Pi 

Gambier’s Extension of the Residue Theorem 16]* Jf two 
groups be pseudo-residual to a third, then every group pseudo- 
residual to the first, with an eacess greater than or equal to the 
eacess of the first less the excess of the second, is pseudo-residual 
to the second with a positive or 0 excess. 

This theorem holds in particular when p,; = o, =7; = —(r;—1) 

Theorem 17] If two groups of ordinary points G, and G, con- 
stitute the total intersection of f with a curve ¢, while G, and Gy 
constitute its total intersection with a curve ¢’ and G, and G', its 
total intersection with a curve ys, then Gi, and Gs constitute its total 
intersection with a curve ws’. 

Careless writers sometimes speak of such groups as residual. 

Suppose that G, and G', are pseudo-residual with a positive 
or 0 excess p,;, while G, and Gj are residual. Then if Gj and 
G, are also pseudo-residual with the excesses p;, G, and G, are 
residual. We may phrase this differently by saying that G, 
contains p,r, points superposed on P,, as does G4, p27, points 
superposed on P,, etc. We may then say: 

Theorem 18] The residue theorem holds when the given groups 
contain the same number of points superposed on the multiple 
points of the given curve, arising from the same positive excesses 
of multiplicity. 

In theorem 16] we are at liberty to assume that group (*; is 
empty, so that G', and G are total intersection groups. 


* Gambier?, pp. 220 ff. 
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Total Intersection Theorem 19] If one part of the total inter- 
section group of a curve of order n with a curve of order ny+Nz 
constitute the total intersection with a curve of order n,, the other 
part will constitute the total intersection with a curve of order np. 

There is an astonishing number of simple corollaries easily 
deducible from this theorem. 

Corollary 1] If six intersections of two curves of the third order 
lie on a conic, the other three are collinear, and conversely. 

Corollary 2, Pascal’s Theorem] The necessary and sufficient 
condition that the vertices of a hexagon should lie on a conic is that 
the intersections of the opposite sides should be collinear. 

Corollary 3] If two lines meet a curve of the third order in two 
sets of points A,,A,,A3; B,, B,, Bs, and if the line A,B; meet the 
cubic again in C,, then the three points C,, C,, C3 are collinear. 

Corollary 4] The tangents to a curve of the third order at three 
collinear points meet it again in three collinear points. 

Corollary 5] A line connecting two points of inflexion of a 
curve of the third order will pass through a third point of inflexion. 

Definition. A system of curves of given order linearly depen- 
dent on two given curves of that order shall be called a ‘pencil’ 
of curves. They will clearly pass through all points common to 
the given curves, and have at each point at least the lesser of 
the given multiplicities. These points are called centres or base- 
points of the pencil. Such a system may be written 


Ad+ pp = 0. 
If we take the four curves of the system corresponding to 
parameter values (Aj, 41); (Ag; M2); (Ag, Ms), (Ag, #4), the expression 


Ay Pa , As bs 
Az Be| | Ng ba 
Ay ba ‘ As bs 
Ag ba) |Ag Me 


shall be defined as a ‘cross ratio’ of the four curves. It is the 
cross ratio of 4 tangents at a common isolated simple point. 
Two pencils of curves are said to be ‘projective’ if corresponding 
cross ratios be equal. 
Given the two projective pencils 
Mo+up=0 NS'+p'f! =0, 
AM + Bry’ + Cur’ + Dpp' = 0 AD—BC #0. 
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Assuming the two have no common curve, the locus of the 
intersections of corresponding curves is 
Alf’ — Bd’ — Corp’ + Db’ = 0. 

This is a curve whose order is the sum of the orders of the 
curves of the two pencils, and which passes through all points 
common to all curves of either pencil. 

Suppose, conversely, that we have a curve of order ntn’ 
which contains all points common to all curves of order n of 
a certain pencil, distinct or infinitely near, which means it is 
linearly dependent on such curves in the sense of Nother’s 
theorem, and so can be written 


f= oh +49". 
Then f contains all points common to ¢’ and #’. Writing the 
three equations 
Ap+pp=O0 ANS +p'p=0 du’ +prN’ =0 
we fall back on f if we eliminate A/u and A’/p’ But these equa- 
tions give us two projective pencils of curves. This gives 

Chasles’ Theorem 20] If two projective pencils of curves of 
orders n and n’ respectively have no common curve, the locus of the 
intersections of corresponding curves of the two 1s a curve of order 
n+n’ through all centres of either pencil. Conversely, if a curve 
of order n+-n’ contain all centres of a pencil of order n to the 
multiplicity demanded by Nother’s theorem, it is the locus of the 
intersections of corresponding curves of this pencil, and of one of 
order n’ projective therewrth.* 

It is assumed, of course, that the curves mentioned have only 
ordinary singular points and cusps. 

Here are two other obvious corollaries from the Total Inter- 
section theorem 19] and Residue theorem 16]: 

Theorem 21] If tangents be drawn to a curve of order n at the 
intersections with a straight line, their remaining intersections with 
the curve will constitute its total intersection with a curve of order 
n—2, 

Theorem 22] If three curves of the third order pass through 
seven and no more points, the lines connecting their remaining 
pairs of intersections meet in pairs on the three curves. 

* Chasles?. 
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In equation (13) there is no reason why the curve f should be 
irreducible; in fact we get a more symmetric theorem by sup- 
posing it to split into two parts. Changing notation slightly, 
we then get an identity of the form 

$1 bith: bot$s bs = 9. (15) 

Suppose that three curves ¢,¢2,¢3 go through a common 
group of points, which may indeed be empty, but which we 
call G. The remaining groups of intersections shall be called 
923) 931, ANd gyo. Let 4, be an arbitrary curve through the group 


Jos, we see by Nother’s theorem that there will exist curves. 


¢, and $3 to complete equation (15). We thus get* 

Study’s Theorem 23] Given three curves 4,, bo, 63 with the com- 
mon group of ordinary points G, which may be empty. Let their 
remaining groups of intersections be Jos, Js31, aNd Jo, also ordinary 
points. Then if ¢, be any other curve through go, there exist two 
other curves $5, $3; such that the three combined curves 4, ¢', are 
of the same order and linearly dependent, each curve ¢;, contains 
the corresponding group g,, and every intersection of 4; or $i, with 
dp; or p; les on dy, or ¢),. 

It is to be noted that the total intersection of ¢, and ; is 
G on ¢, and g;; on ¢;. The total intersection of ¢/ and ?; 
is G’ on ¢;, and gj, on ¢,. The total intersection of ¢,; and d; is 
Ji, On $, and gi, on ¢y,. 

Let the orders of the three original curves be 11,73, 73, while 
the order of each compound curve is n. 

Then G contains v points, 

Ji; contains nn;—v, 
gi; contains n,(n—n,—n,;)-+y, 
G’ contains n®—n(n1-+Ne+Ng)+ (ngn3+N4n,-+NN.)—v. 

Let us next start with a curve ¢, on which there are two 
groups G and g;,, each of which is pseudo-residual to gi; and 
9ix- The pencil of curves 


AD; bj + eds i 
will have nn, fixed points on ¢;; we may choose the constant 
multiplier so as to include one other point of $;, i.e. the whole 
curve, the remainder will be a curve fulfilling the identity (15). 
Corollary 1] On a curve 4; are two groups of ordinary points. 


* Study?. 
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Gand gj, each pseudo-residual to g,,and g;,. Then the four groups, 
which ¢; and $; cut on d;, and ¢,, lie on 4; or di, the three sets 
of curves $164, $265, $363 being of the same order and linearly 
dependent. 

As an example, let us suppose that ¢, is a straight line, @ an 
empty group, gj. and g,, intersections with ¢,¢, with two other 
lines gj3 a marked point on the line, ¢,, 45, and ¢5 circles, then 
Ji2 and g;3 are marked points on the lines d; and ¢, respectively, 
these lines intersecting again in g,,, and G’ is the group of 
circular points at infinity.* 

Corollary 2, Miquel’s Theorem] Jf a point be marked on the 
line of each side of a triangle, the three circles, each through a vertex 
and the points marked on the lines through that vertex are con- 
current. 

Again, let us take G as the circular points at infinity, g.5 as 
empty, ¢, as a circle, g,. and g,, as the pairs of its intersections 
with two lines. We get: 

Corollary 3] The common secants of three non-coaxal circles 
are concurrent. 

Suppose that we have three curves ¢,, ¢5, 63, of the same order, 
which are not linearly dependent. Let G be their common 
group, P an arbitrary point in the plane not on two of the 
curves. Let ¢5 be the curve linearly dependent on ¢,, ¢3 which 
goes through P, while ¢3 is the curve of the ¢,,¢, system 
through there. The group G’ will contain the point P and any 
other intersections which 43,43 have which are not in G. 

Corollary 4] If three curves of the same order be not linearly 
dependent, then the three curves through an arbitrary point, each 
linearly dependent on two of the curves, are, themselves, linearly 
dependent. 

Strictly speaking we have only proved this in the case where 
the intersections are ordinary points, the other case will come 
by continuous change. Or more simply, we notice that if (x1, y,) 
be the point in question, the three curves sought have equations 


of the type 
bi (X,Y) 72 bj(@,y) _ 0 
b:(%1,Y1)  Pj(%1 Ys) 
and these are linearly dependent. 
* Miquel!. 
D 2 
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Corollary 5] If three curves of order n which are not linearly 
dependent have in common n ordinary points on a curve of order 
n', their residual groups are on three linearly dependent curves of 
order n—n’'. 

We leave to the reader the easy task of proving by induction 

Theorem 24] If 41, ¢.,.--, 6, be k curves, no two with a common 
multiple point, then every curve through each intersection of two 
of them can be written F 

y =0. 
bits #e > i, (16) 

Asa last and most important application of Néther’s theorem, © 
let us find under what circumstances the group common to two 
curves impose independent conditions on a third. We assume 
all intersections are ordinary. 

Tf the orders of the given curves be 7,,7,, their intersections, 
as we saw in the demonstration of Nother’s theorem, will impose 
independent conditions on every curve whose order is > 7+ Np. 
It will therefore be sufficient to consider curves or order 


The form of the equation of the curve being that given by 
Nother’s theorem, the conditions are independent if 


(ny +N ,—1)(ny+N_—I--3) 
2 


—NjNo 


__ (n2—1-+1)(n.—1-+ 2) 
9 ota 
(i—1)(l—2) — 0, 

Theorem 25] If two curves have no common singular point, 
their intersections, distinct or infinitely near, will impose inde- 
pendent conditions on every curve whose order plus two is as great 
as or greater than the sum of their orders. 

Reverting to the equation above, we see that the number of 
conditions imposed is 

nyn,—3(I—1)(J—2). 

How can we always pick out this number of points from 
among the nyn, and be sure that every curve of order n,+-n,—1 
through them will go through all n,n, points? Let us suppose’. 
Ny > Nog. 


(n,—1+1)(m,—1+ 2) at 
2 
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There must be some group of n,n,—1(J— 1)(1— 2) intersections 
which impose independent conditions on our curve. Let us call 
this group G, and the residual group G’: it contains $(l—1)(I—2) 
points. They lie on every curve of order n,--n,—1 through the 
group G. The group G’ lies among the 


Nq(N1+N —l) —[nyn-—4(I—1)(I—2)] 


intersections of a general curve f of our system with = 0 
exclusive of G. It turns out to be very important whether the 


eee points lie on a curve of order /—3; we may pass 
such a curve through all but one of the points since 
Pelee Si) 8) 


The n,n, points common to ¢ and ¢% cannot all lie on a curve 
of order J—3. Let us pick out 4(J—1)(I—2) which do not, call 
the group G’, and pass a curve of order J—3 through all but 
any chosen one of those points, that last one being P, the curve 
being x, and Axv+By+C=0 an arbitrary line through P. 
Where will the compound curve 

x(Av+ By+C) =0 

meet 4? Evidently in the group G’ and in a pseudo-residual 
group F of n,(/—2)—}(/—1)(/—2) points, which includes n,—1 
collinear points, and is co-residual to G. Take any curve of order 
n=n,+n,—l through G, let its residual group on ¢# be G, the 
(i—1)(I—2) 

; 
By the extended residue theorem R and G are pseudo-residual, 
and constitute the total intersection of 4, whose order is n, with 
a curve of order n,—2. But among these are n,—1 collinear 
points, so that their line must form a part of the curve of order 
nm,—2, and its remaining intersection with %, namely P, must be 
a point of G’. But P was any point of G’. This gives:* 

Theorem 26] Jf among the n,n, simple intersections of two 
curves of order n, and ny respectively, there be taken 4(1—1)(l—2) 
which do not lie on a curve of order 1—3, every curve of order 


* The developments from here to the end of the chapter are taken from 
Study! and Baccharach, 


number of points thereon is n,(n,-+-n,—1)—nn.— 
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—m-+n.—l through the remaining points will pass through these 
points also. 


Consider the case where / = 3. The group G’ will contain only 
a single point. | 

Corollary 1] Jf two given curves have no multiple point in 
common, every curve whose order is three less than the sum of their 
orders, through all but one of their intersections, passes through 
that last one also. 

Corollary 2] Hvery curve of order n, > nz through 
(N2—1)(n_.—2) 

2 

intersections of two curves of orders n, and ny will contain the 
remaining intersections provided that they do not lie on a curve of 
order n.—3. 

Here is a last simple application of corollary 1): 

Theorem 27] If among the n simple intersections of two curves 
of order n, and n—1, one half lie on a curve of order n—2, the 
other half do the same. 


NyNg— 


CHAPTER III 


REAL CURVES 

§ 1. Asymptotes 
Iv is our purpose in the present chapter to study real curves, 
that is, the totality of real points whose coordinates satisfy a 
real polynomial equation, assuming, of course, there are an 
infinite number of such points. The only real solution of 
x+y? = 0 is given by the values x= 0, y= 0, and we should 
hesitate to call this a real curve. We can only touch the most 
significant parts of the topic, leaving the reader to study books on 
‘Curve Tracing’ in case he is desirous of a complete treatment.* 

Definition. We shall mean by a ‘branch’ of a curve at a point 
whose homogeneous coordinates are (Xp, Yo,%) the totality of 
values expressible by three convergent power series 


pe = %y+a,t-+a,t?-+... 
py = Yotb,t-+bof?+... 
pe = %+¢,t-+cof?-+... (1) 
It is assumed that the ratios are not all constants. 
In the case of a non-singular point, the canonical form for 
simplified representation of the branch is 


L=2y-+t Y = Yo +b t+bpt?-+.... (2) 
Tf we have an ordinary singularity we have several such 
developments, the canonical form for a cusp will be 
L= Uy +e? Y = Yotbot?+b,0-+... bee 0. (3) 
We shall show in Book II that the total vicinity of any sort of 
point can be represented by a number of such branches. 
Suppose that the equation of a curve is real, and that it 
contains a real non-singular point. We orient the axes in such 
a way that the tangent at this point is not vertical. Then we 
may develop y in terms of x as an integral power series, the 
coefficients are rational functions of those of the given poly- 
nomial. 
Theorem 1] If an algebraic curve have a real equation, and 
a single real non-singular point, it has a real branch. 


* Cf. e.g. Frost or Johnson. 
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A teal branch is one with a real development. We get 
similarly 

Theorem 2] If an algebraic curve with a real equation have 
a real ordinary singularity with a real tangential direction, it will 
contain a real branch. 

We emphasize the statement at the beginning of the present 
chapter with a definition. A curve whose equation can be made 
real by multiplying through by a factor, not 0, and which 
contains a real branch shall be called a ‘real’ curve. This 


definition is not universally recognized, some writers omit the 


requirement of a real branch. This seems to me unwise. As an 
example, let us consider the curve 
8-48 4-4? = 0 

This curve has a real point, the origin, and a real direction for 
its tangent, namely the x-axis, but there is no real branch, and 
the origin is the only real point of the curve. We therefore call 
such a curve ‘self-conjugate’ imaginary, not real. 

In plotting curves there are certain fundamental rules which 
it is well to recall. The equation of the curve being 


S(x,y) = 9, (4) 
the slope of the tangent at (29, yo) is 
of 
_ Wyo day 
A= ss Ue (5) 
OY 
The curve will be concave up if 
a? UYo 
6x9” =e 
mage) alee) —2 9 of oF 6 
Oily \CYo) — Oyg* Oxy EX PY Cag CY (°) 


The curvature is 
9 oF of af (2) sale zy 
1 


Cat py Oey OY dat? Yo! Yo" \Ox%o) __ 
jo y+( af ie ec (7) 


OX, OY 


~a 


An important help to plotting the curve is to draw the 


asymptotes, these being defined as the tangents at its infinite 
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points.* We get these as follows. Write the curve in descending 
powers of x and y 


eg eee (8) 
Let the slope of an asymptote be 4 , or, in other words, let its 


point of contact have the eee coordinates (21, 4Y,,0). As 
at the finite point (x»,¥,%)) the equation of the tangent is given 
by (7) of Ch. II which takes the homogeneous form 


(ran tap) “Cas tan) ~* 


Since Xo a so ay dz = nf(ao, Yo: Zo) = 0, 


the equation of the tangent takes the simpler form 
al Cer 
ea Uae Yo rs C2 ae 
Replacing f and its pee eee from (8) in the homogeneous 


orm fe, Y,2) a BA Y)+2fn-1(@, Y)+27fn—2(2; Yy)+ 


and then changing (2%p,Yp,2) to (%1,y, 0) while z = 1 we get 
0 0 
vba yD +f, sent) =o. (9) 


Suppose that the curve ae the line at infinity in 7 distinct 
points so that 


Srl, y) = (tY1—Y%1)(LYg—YXq)---(LYn—YEn) 
of. Ofrn — 
a +y¥— = K (xy, —Yy%)(LyY2—Y1%2) +++ (L1YYn— YX n) 
vy OY 


Sefe Oh 
lim Oxy ts 
2 >H,YO YN fri, y) 


Consider the homogeneous polynomial of degree n—1 


This is identical with f,_,(x,y) for n values (21,41), (%2,Ye)s- 


* Cf, Frost, also Pernot et Moisson, and Stolz. 
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(%.5Y,). The two polynomial: are identical or 


fn—1(©,Y) 1(%, ps “ee Sn—-l%i Ya) 2 Yi) 
Frltsy) Sn ay a 
OY; 
We thus get the general rule 
Theorem 3] If the algebraic curve 


S(%,Yy) =f,(2,y)tfhn-(%,y)+--- = 


meet the line at infinity in distinct non-singular points, and if the 


fraction fn-a(®>Y) be expressed as the sum of partial fractions — 


Fults y) 
besa “i__ the equations of the asymptotes are* 
ajax+by 


ae-+by+e,; = 0. (10) 

When only a single asymptote is desired it is better to go at 
the matter more simply. If the slope be J,, and we substitute in 
the curve, J,v-+-b for y, we have an equation in x whose degree 
is not n, but n—1, for there is one infinite root. There will be 
just one value b, for b, which will reduce this to an equation of 
order n—2, i.e. give two infinite roots; the asymptote is 

y =lw+b, 
The reader is advised to try a few examples. 

After the asymptotes have been found and drawn, it will be 
helpful to find the remaining intersections of the curve with the 
asymptotes. If the asymptote be tangent at a non-singular 
point, it is important to find out whether the curve goes to 
infinity on the same side thereof in both directions, or whether, 
like the hyperbola, it lies on opposite sides of the asymptote 
when far out beyond the last intersection. We determine this 
as follows. Let us choose the axes so that one asymptote at 
a non-singular point is the x-axis. Let us assume that the 
highest power in x alone is «”-* so that when y = 0, x takes k 
infinite values, i.e. we have k-point contact. When y is ex- 
tremely near 0, and x numerically large, the preponderant 
terms are ax; ty+ba"-* = y"-*(axz*-ly+b) and neither of these 
can vanish, for the curve meets the infinite line but once at the 
end of the axis by hypothesis. If k be even, x*-! and y both 


* Cf. Wieleitner, p. 88. 
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change sign with x and y so that the values of y corresponding 
to numerically large x’s with opposite signs are themselves 
opposite in sign, i.e. the curve goes to infinity on opposite sides 
of the asymptote. The reverse is true when k is odd. 

Theorem 4] If an asymptote tangent to a real curve at a non- 
singular infinite point have even-point contact, the corresponding 
branch of the curve will go to infinity on opposite sides of the 
asymptote in the two directions. The reverse is true in the case 
when there is odd-point contact, the distant parts of the branch are 
all on one side of the asymptote. 

Suppose that our homogeneous polynomial f,,(z, y) has a linear 
factor with the multiplicity 4, which is not a factor of f,,_,(2, y). 
This will not correspond to a singular point on the infinite line, 
but to k-point contact therewith. We may choose the axes so 
that this factor is y, and write 


Y bn aX y) +fn—1(2, y)+ se eie= Ok 


We now make a change of variable, writing 
1 y’ 


a SF 


x 2x 
I br LY +e fray’) +... = 0 
bn—n(1, 0) #0 Fn—1(1,0) # 0. 
Then by Theorem 4] of Ch. II we may write 
x’ = a,y'*+.... 

Suppose a, > 0. If k be even, 2’ is positive for all values of y’ 
close to 0. Hence 2 is large and positive, and y changes sign 
with y’, i.e. all horizontal lines meet the curve far out to the 
right. When a; <0 they will all meet it far out to the left. 
If k be odd 2’ and y’ change sign together, hence y is essentially 
positive and each y will correspond to two numerically large 
values of x, one positive and one negative. 

Theorem 5] Jf a real curve have even-point contact with the 
line at infinity at an ordinary point, a finite line through that point 
will have one distant intersection with the curve, if the contact be 
odd-point, there will be two distant intersections or none. 

We can remember the rule by noting that all vertical lines 
have one real intersection with the parabola y = x”, but if we 
take the cubic y? = x? some vertical lines have two real inter- 
sections, and some none. 
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Suppose that a curve has an ordinary singular point of order 
r at infinity, with r distinct parallel asymptotes running there. 
These r asymptotes have nr intersections with the curve of 
which r(r+1) are their intersections with the line at infinity 
counted (r+1) times. Hence, by the total intersection theorem 
of the last chapter, we are able to prove* 

Theorem 6] Jf a curve have r parallel asymptotes running to 
a point of multiplicity r, their finite intersections with the curve 
lie on a curve of ordern—r—1. 


§ 2. Real singular points 
In most of the work which we have done so far, in connexion 
with singular points, we have assumed that we had only to deal 
with ordinary singularities. We shall postpone to the next book 
a theoretical discussion of the properties of singular points that 
are not ordinary ones or cusps, but shall give at this point a 
discussion of the method of plotting a curve in the vicinity of 
a singularity of a complicated nature. Much of what we do here 
will prove of great value later. 
Suppose that we have a singular point at the origin. When 
x and y approach 0, the terms become infinitesimal of different 
orders. We wish to find a set of terms which are of the same 
order, lower than the infinitesimal orders of the others. These 
terms alone will give us a partial representation of the curve in 
that vicinity. Let the curve be 


dA wry? = 0. 


It is conceivable, and in fact, highly plausible, that the curve 
can be developed in the vicinity of the origin in a set of series 
of fractional or integral powers of a, of the form 
Yy = y'xe+ age. 

For points very near the origin, we may content ourselves with 
the first term of the series, we want then to find such a value 
p that if we put y= 2, divide out a suitable power of # and 
then let « become 0, y’ will approach a finite value. As an 
approximation to the curve, we content ourselves with those 
terms where x has the same power, after this substitution, which 
is lower than its power in the other terms. How do we find 

* Cf, Hyashi. 
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them ? It is well, since » is probably a fraction, to make a more 
elaborate change of variable 
i Yaya? 
dA ,w'rrit8; y’'B, — 0, (11) 
We wish to retain those terms where ra;+s88; has the lowest 


value, and momentarily reject the others. How can we give 
to r and s such values that 
Tp Shy = = Toy 8B, =... = og +sP, 3 (12) 
ah oo Bo tae Pi i OF 
whereas in all the other terms the value is greater? The true 
method was discovered by Newton.* 

Let us start in the north-east quadrant of a new coordinate 
plane, and mark every point with the exponents (a, ), i.e. we 
take the exponents of every term in (x,y) actually appearing, 
and mark the corresponding point in the (a,8) plane. The line 
from («,,8,) to (a,,8,) has the slope 

ENS gas 
Xg— Xp s 
The points (q,,8,) indicated in the inequality above lie on this 
line, whose equation is 
ra+sB = ro,+s8B,,. 
The terms we wish to reject say «,,,8,, for which 


1 m+ SB in > 1% +88 
lie on the other side of this line from the origin. The method of 
procedure is, then, as follows. 

The origin in the («, 8) plane is not a marked point, but there 
is surely some marked point on the f-axis as otherwise our 
original equation would be divisible by a power of x. Take the 
marked point on the f-axis nearest the origin, and call it P,. 
Let the half-line which starts from P, and goes through the 
origin rotate positively about P, till it passes through one or 
more marked points; P, shall be the most distant of these from 
P,. Let the half-line through P, away from P, rotate positively 
about P, till it passes through at least one other marked point, 
the most distant being P;, etc. Continuing thus we get a broken 


* Cf. Newton, vol. i, p. 357, and also Cramer, p. 54. 
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line running from a point on the f-axis to one on the a-axis, each 
segment of which contains two or more marked points. The set of 
terms in the original equation corresponding to the marked points 
on each segment will give a partial representation of the curve. 

As a check to all this let us look at the infinitesimal orders 
of the origin in the original curve, and in the various partial 
curves. We mean by this the order of the infinitesimal f, and of 
the various functions which give the partial curves. If a line 
have a north-westerly direction the sum of the coordinates of all 
points thereon is the same. The infinitesimal order of f is the 
smallest sum «;+f,, i.e. the sum of the coordinates of the points 
on the nearest north-west line through a marked point. A similar 
rule holds for the partial curves. 

We have three classes of segments in the (a, f) plane: 

a) Those which are steeper than a north-west direction. 

b) A single segment, which may, perhaps, not be present at 
all, which takes the north-west direction. 

c) Those which are less steep than a north-west direction. 

If a segment from (a,,8,,) to («,,8,) be steeper than the north- 
west direction the point thereon which lies on the nearest north- 
west line tothe original is (,,8,) if we follow the inequalities (13). 
If we divide out the extraneous factor x%»yPz from each of the 
terms we retain, the lowest infinitesimal order is teh. Lue 
first of these steep segments starts on the £-axis, hence the sum 
of the infinitesimal orders from them is 


y+ (tg—04)+... + (oy—a1y,) = oy. 


If we have a north-west segment from (a, f,) to (cms Bym)s and 
divide out «8, we get, as before, the infinitesimal order (om— a), 
so that the sum of the infinitesimal order so far is Om: The 
remaining segments are the less steep ones, here the nearest 
north-west line runs through the marked point furthest to the 
left, that with the smallest subscripts. The quantity divided 
out is of the form xy, and the infinitesimal order ig Bn—Bo: 
The sum of all these will be £,,, and the sum for all segments 
be om+Bm, the order of f. This is very reassuring as it shows 
nothing has been lost. 

The best way to illustrate the general theory is to work out 
some special examples: 


a, B plane. 
Fig. 1. ae 


: Example i: x'— 5xy?-+ 2y° = 0. 
Ag The broken line has two segments. The first gives the terms 
- ; . —Say?+ 2y%, 
4% and so the simple cubic curve 
2 es - 5a == 2y?. 
‘The second gives the terms 4 
a x>— 5ay?. 
And go the two parabolas 
w= 4Nby. 
f 


a 7 


a, B plane. 
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Example 2. e®—ary?+ y® = 0. 
One segment of the broken line gives the cuspidal cubic 
yy—xz? = 0. 
The other segment gives the equal cubic 
x—y? = 0. 
There is but one real asymptote: 
aty=}. 


To find the most distant part of the loop we put x= y, and 


get the point (1, 1). 


x,y plane. 


a, B plane. 
Fie. 3. 
Example 3. xt+a*%y—y-yt = 0. 
The first segment of the broken line gives the two lines 
a2—y? = 0, 
The other segment gives the parabola 
x*+-y = 0. 


Returning to the theoretical discussion, if there be a north- 
west segment the partial curve will be given by the homogeneous 


polynomial ayyb Bet. + a1 ea a - 


If the roots of this be distinct we have an ordinary singular 
point for this partial curve. If the origin be an ordinary 
singularity for the given curve the broken line consists of a 
single segment in a north-westerly direction. The partial curves 


are the various tangents. If the origin be a cusp there is still _ 


but one segment to the broken line. 
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In closing it is well to make one remark about the situation 
of the real inflexions. We see from (7) that, at such a point 


sale) + alee) —* aa) Ga) ~° 


This is a homogeneous quadratic form in (2), (7) whose 


ratio gives minus the slope of the inflexional tangent, hence, at 


a real inflexion 
ef (ef orf y 
enn We =A); 
(Es) (=) (iz = 
If the curve have a real double point at (x, y) its equation can 
be written 


0 = ea) SF 21-2 )(n— 2 Hn + 


The tangents are obtained by equating the quadratic terms 
to 0, the condition for real tangents is that found above for 
real inflexions. We thus get the pretty theorem* 

Theorem 7] The real inflexions, cusps, and nodes are in that 
portion of the plane where 


CE Ge fie, \< <0. (14) 
Gu®’ dy® \eudy 
* Cf. Scott?. 


3781 Fale E 


CHAPTER IV 
REAL CIRCUITS OF CURVES 


§ 1. Topological properties of even and odd circuits 

Ir is the purpose of the present chapter to discuss the topo- 
logical properties of the various real circuits of a real algebraic 
plane curve. We mean by a non-composite circuit a real branch 
as previously defined, and its various analytic continuations 
taken successively until the first development is reached again. 


In common parlance it is the part traced by a continuously . 


moving real point which eventually comes back to each point 
already passed. If a straight line not tangent to a circuit inter- 
sect it in an even number of real non-singular points, the same 
is true of every line meeting it in distinct non-singular points, 
for the intersections can only pass from real to imaginary in 
pairs. In this case the circuit is defined as ‘even’ otherwise 
‘odd’. A circuit shall be said to be ‘simple’ if it contain no 
point on more than one branch of a curve, no ordinary singularity 
for example. We may make a composite circuit out of succes- 
sive arcs of various curves joined end to end. The distinction 
of odd and even will be as before. 

Suppose that we have two circuits c, and c,, neither of which 
passes through the origin. We shall assume that they are not 
tangent to one another, and that c, cuts the line at infinity in 
distinct points. Then we may take such a large circle about the 
origin as centre that each point of c, outside thereof is as near 
to the nearest asymptote as we please. Thus every outside 
curve cutting c, at an angle greater than a very small limit ¢ will 
cut the near asymptote also, and vice versa. 

Let us next fix our attention on c,. This is an algebraic curve 
not through the origin, there will be a finite number of normals 
through the origin and, hence, a nearest point. If we make the 
transformation . ; 

2°, 4S se a eae fame kf 
we may change Cyto & sithilar and similarly placed circuit c, 
completely outside the large circle. We may choose r so that 
 ¢3.48 not tangent to c,, and infact so that every intersection 
.. «with an asymptote is at an angle > e. Then the number of inter- . 
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sections of c; and c, is the number of intersections of c, and the 
asymptotes. Moreover, c, and c; are even or odd together. 

If c, and c, be both odd c, has an odd number of asymptotes, 
and each will meet c, an odd number of times. The number of 
intersections of c, and c, is thus odd. If cg shrink gradually 
back to c., we shall lose or gain real intersections in pairs, and 
this will not affect the even or odd question. The case where 
one or both of our circuits is even is handled in the same way. 

Theorem 1] Two circuits will have no intersections or an even 
number of intersections unless both are odd, in which case the 
number of intersections is odd also. 

Theorem 2] A non-singular curve of odd order has one odd 
circuit, a non-singular curve of even order has no odd circuit. 

We saw in theorem 4] of the last chapter that a curve which 
has even-point contact with its asymptote goes to infinity on 
opposite sides of the asymptote, although at a finite point, 
a curve with even-point contact does not cross its tangent. 
Exactly the reverse situation holds for a curve with odd-point 
contact. We may then say that in passing through infinity the 
upper and lower neighbourhoods of a line are interchanged. 

Suppose that we have a simple even circuit which meets the 
line at infinity in only two points. Let a sphere be tangent to 
the plane at its south pole. We may project the plane on the 
southern hemisphere by lines radiating from the centre, the 
relation is one to one except that points of the line at infinity 
are projected into pairs of diametrically opposite points of the 
equator. We have two arches on the southern hemisphere 
which do not intersect one another, one connects two points of 
the equator, the other the two opposite points. We have then, 
three simply connected regions on the hemisphere. The first is 
bounded by two curves and two arcs of the equator, each of the 
others is bounded by one curve and one arc. We may find 
a continuous path from a point on one equatorial boundary of 
the first region to the opposite point on the other equatorial 
boundary arc which does not meet either curve, but a continuous 
curve from a point on the equatorial boundary of the second 
region to the opposite point of the third meets both curves and 
vice versa. Now if we project back upon the plane, region I 
of the sphere becomes a simply connected region of the plane 

E2 


Oe aa 
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called region I, which has the property that we may connect two 
of its points by an odd circuit which does not intersect the given 
even circuit. Regions II and III of the hemisphere become 
region II of the plane which has the property that an odd 
circuit connecting two of its points meets the given circuit an 
even number of times. Region I is called the ‘outside’ region, 
II the ‘inside’ region. The reader will see which is which in the 
case where the given even circuit is a hyperbola. 

Suppose, next, that it has been shown that a simple even 
circuit that meets the line at infinity in 2(n—1) points divides 
the plane into an outside and an inside region of exactly this. 
sort, there being odd circuits in the outside which do not meet 
the curve, but none such which contain points of the inside 
region. Consider a simple even circuit that meets the line at 
infinity 2n times. Consider two successive intersections with the 
line at infinity, and project the whole circuit on the southern 
hemisphere as before. If we take a point A on the curve just 
before the first crossing with the equator and a point B just 
after the second crossing and connect them by a simple arc that 
does not cross the equator, we get a circuit which will project 
back into a simple even circuit that crosses the line at infinity 
2(n—1) times. Take an odd circuit that does not meet this new 
even circuit. If it meets the discarded part of the original 
circuit it will do so an even number of times, for this discarded 
part and the new arc AB make an even circuit. Any part of 
our new odd circuit which is inside the original even circuit can 
be replaced by a path which follows the arc AB very closely, 
and so cuts the line at infinity at most twice. We have thus 
constructed a new odd composite circuit which does not inter- 
sect our original even circuit at all. Our new circuit has an 
outside region, it also has an inside: 

Theorem 3] A simple even circuit divides the plane into two 
parts, an inside and an outside. Every odd circuit through a point 
of the inside meets the even circuit in at least two points, certain 
odd circuits in the outside region do not meet it at all, and so lie 
completely without. 

Suppose we connect two points, A and B, of an odd circuit 
by a continuous path which is either finite, or meets the infinite 
line an even number of times. If we go from A to B one way: 
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along the curve we cross the line at infinity an even number of 
times if we cross it at all. If we go the other way there are an 
odd number of crossings. If we take the first of these, and the 
path AB, we get an even circuit. A continuous path from an 
inside to an outside point will meet the boundary an odd 
number of times. If we try the same experiment with an even 
circuit it may be that going from A to B each way we meet 
the line at infinity an odd number of times, in which case we 
either get two smaller even circuits, or none at all. 

Theorem 4] A continuous path connecting two points of an odd 
circuit, which meets the line at infinity, if at all, in an even number of 
points, will, with one arc of the original circuit, divide the plane into 
two such parts that a continuous path from a point of the one to one 
of the other, necessarily meets the boundary an odd number of times. 
In the case of an even circuit this may, or may not, be the case.* 

As a justification for our last statement let us note that 
a continuous are connecting two points on the same half of 
a hyperbola will, with the corresponding finite arc, divide the 
plane in two, but a continuous path connecting two points on 
different branches will not do so if we allow passage through 
infinity. An arc of an ellipse and a finite arc connecting two of 
its points will divide the plane, this will not be the case if we 
connect the points by an arc passing simply through infinity as 
does a straight line. A continuous are connecting two points 
of an even circuit, and dividing the plane with one arc of that 
circuit shall be said to be ‘of the first sort’ with regard to the 
circuit. When it does not divide the plane with either arc it shall 
be said to be ‘of the second sort’. 

Let us take two points A,, B, on an even circuit. Connect them 
by a continuous are not meeting the circuit elsewhere. It will 
determine a composite circuit with each arc of the original. 
Tf an odd circuit meet one of these smaller circuits an odd 
number of times it will do so with the other smaller circuit, and 
the same will be true if the number of intersections be even, 
including zero as an even number. 

Theorem 5] If a continuous arc be of the second sort with 
regard to an even circuit, it will form therewith two odd circuits, 
otherwise two even ones. 

* Cf. Brusotti', p. 122. 
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Let the reader show by similar reasoning: 

Theorem 6] Jf an arc connecting two points of an even circuit 
divide the plane with one arc of the circuit connecting its extremities, 
it will do so with the other. If the given circuit be odd, only one of 
the two arcs on it will divide the plane with the new are. 

Suppose that A,B, and A,B, are two ares of the second sort 
with regard to an even circuit, but with no common point. 
If the pairs of extremities did not separate one another on the 
circuit there would be one arc A,B, of the circuit that shared no 
point with one arc A,B,. Then the two arcs connecting A,, By. 
would make an odd circuit, as would two connecting A», By, 
yet these circuits had no point in common, which is contrary 
to 2]. 

Theorem 7] If two arcs be of the second sort with regard to an even 
circuit their pairs of extremities separate one another on the circuit. 

Theorem 8] If the intersections of two circuits follow in the 
same order on the two, then if one circuit be even, at most one arc 
of the other is of the second sort with regard thereto. 

Suppose that we have two circuits with k > 2 intersections 
following in the same order on them, and that no arc of one is 
of the second sort with regard to the other. We shall see later 
that this can be accomplished with ease. Let the successive 
intersections be A,,A,.... Let A;,A; be a successive pair. Pick 
out that arc of the first circuit connecting them which contains 
no other intersections. This will divide the plane with one arc 
A,A, of the second circuit unless it be of the second sort with 
regard thereto, a case we may consider excluded by 8]. If the 
second circuit be even, the chosen arc A,A; of the first will 
divide the plane with either arc A,A, of the second by 6]. If the 
second circuit be odd we must choose the arc of the second 
rightly ; which shall we choose? The only case to consider is 
that where both circuits are odd, for if either be even we may 
choose either arc of the other. But if both be odd and we choose 
that are of one which contains no other intersection, and that 
arc of the other contains all the other intersections, then this 
supposedly even circuit would be cut by the circuit composed 
of the other two arcs an odd number of times, an absurdity. 

We have thus established that if neither curve present an arc 
of the second sort with regard to the other, the k successive — 
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intersections will determine k successive pairs of arcs containing 
no other intersections, each pair dividing the plane. Let the 
equations of the curves on which the circuits lie be 


ji=0 fn = 0. 
Let us write S=hfe+e¢ = 0, 
where ¢ is infinitesimal. The curve f is infinitely near the 
original curves and meets them only where they meet ¢ or at 
infinity. If we take for ¢ a curve which meets neither circuit 
in a real point, and ¢ so that f contains a point inside one of the 
even circuits, it will contain a point inside each of the k just 
described and have, in fact, & even circuits infinitely near the 
others. These circuits, shall be said to be obtained from the 
others by the method of ‘small variations’ .* 

Suppose that we have two circuits which lie infinitely near 
to one another, i.e. they are corresponding parts of two curves 
whose equations differ infinitesimally. A curve meeting one in 
real points will meet the other in the same number of them. 
Their intersections, if they have any, must follow in the same 
order on the two curves, and both must be even or odd 
together. Moreover, one could not make an arc of the second 
sort with regard to the other, for an odd circuit lying outside of 
one, and hence, outside of the other, would fail to meet both, 
which is not possible if one have an arc of the second sort with 
regard to the other by 5]. 

Theorem 9] If two infinitely near circuits intersect in a number 
of points, these will follow in the same order on the two, and we 
may obtain k even circuits from them by,the method of small 
variations. 

Let us see what is the maximum number of circuits obtained 
by this method. We shall proceed to prove 

Theorem 10] If two curves f,,f. have N simple circuits, and k 
intersections, the maximum number of circuits obtained from them 
by the method of small variations is N--k—2, and this number is 
only attained when all the intersections lie on one pair of circuits 
arranged in the same order. 

If there be s circuits each intersecting none on the other curve, 
these will be replaced by an equal number of like circuits. 


* Cf. Brusotti! for this definition. 
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The number obtained by small variations will thus be < k-+s. 
Our given circuits cannot all be non-intersecting, we must 
sacrifice at least two to get our s intersections, s< N—2. 
A combination of these two inequalities gives the theorem. 

These relations lead us to the specific question of considering 
the maximum number of circuits allowable for a curve of as- 
signed sort. We begin by proving: 

Theorem 11] A real irreducible non-singular curve of order n 
cannot have more than 4(n—1)(n—2)-+1 real circuits. When n is 
even, all of these are even, when n is odd, all but one are even. 

The latter part of our theorem is contained in 3] and need | 
not detain us. Suppose that 7 is even, so that all of the circuits 
are even, and that there are 4(n—1)(n—2)+2 of these. Pick 
out a point on each of these, and require a curve of order n—2 
which, if non-singular, will also be composed of even circuits, 
to go through each of the given points, and through n—4 others. 
This is not asking too much, for the number of conditions im- 
posed is $(n—2)(n-+-1) while the amount of freedom for the new 


curve is $(n—2)(n+1). But now the number of intersections of 
the two curves is 


(n—1)(n—2)+4-+ (n—4) = n(n—2)+2 
and this is too many. 

Suppose, secondly, that is odd. We place one point of our 
curve of order n—2 on each of the even circuits and n—3 on 
the odd circuit there must be one more intersection with each 
circuit, and this again leads to a contradiction. 

We may generalize this theorem to one of much greater 
generality. Suppose that we have a curve of even order n, with 


singular points of orders s,,8,,... and 

2L(m—1)(n—2)—' 8,(s;—1)]+2 
circuits, of which v are odd. Let us construct an adjoint curve 
of order n—2 passing through a point on each of the even 
circuits. The amount of freedom left for this curve is at least 
3(n—2)(n+-1)—3[(n—1)(n—2)—S 8,(8,-1)]-2—4 5 8,(8,—1) + 


=n-+v—4, 
Since 7 is even, the number of odd circuits p is even, as is the 
number n-++-v—4, ; 
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Let us require our adjoint to go through n-+-v—4 more points 
on an even circuit. The number of intersections accounted 
for is 


(n—1)(n—2)— 8,(8;—1) +4+ 8;(8;—1)—2v-+-n-+v—4 
= n(n—2)—v+2. 
We must lastly consider a singular point of an odd circuit. 
Let its total multiplicity be s,, its multiplicity for the circuit t,. 
Then > t,(s;—t,;) is an odd number, for it represents the total 
number of intersections of our odd circuits with certain even 
circuits, and an odd number y—1 of odd circuits. It appears 
then that > s,t; is odd when > ¢? is even or vice versa, or > #,8; is 
even or odd when > é, is odd or even, or, lastly, that > t,(s;—1) 
is odd. But this represents the sum of the singular intersections 
of an odd circuit with an adjoint of even order, and as the total 
sum of real intersections must be even, there must be at least 
one non-singular intersection not yet accounted for. This holds 
for each of the v odd circuits. The number of intersections with 
the adjoint is at least n(n—2)+2, which is absurd. A similar 
method may be followed when 7 is odd. We get finally: 
Harnack’s First Theorem 12]* A real irreducible curve of order 
n cannot have more than 4(n—1)(n—2)—} s,(s;—1)+1 circuits. 


§ 2. Generation of curves by small variations 

We have, so far, established an upper limit for the number of 
circuits, without showing that there exist curves with this 
maximum number. That must be our next great task. 

Definition. An arc of a curve of order n shall be called a “base 
are’ if it contain nv points, the total intersection with a curve 
of order v. 

Definition. A curve of order n shall be called a ‘generating 
curve’ when 

a) it is non-singular and has 4(n—1)(n—2)-+1 real circuits; 

b) it has two base arcs with no common points. 

It is not certain yet whether there exist generating curves of 
high degree, though there is no difficulty in finding them in 
simple cases. When n = 2 the ellipse is a good example, when 
n = 3 we take the bipartite cubic consisting of an oval and an 


* Cf. Harnack, p. 192. 
{ For the next developments cf. Brusotti*. 
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odd circuit. A line connecting two points of the odd circuit will 
meet that circuit again, and give a base arc. 

Suppose, next, that we have a generating curve L,, of order n, 
and another curve C, of order 7 called an ‘aggregate curve’ with 
the maximum number of circuits. Let us assume further: 

a) That all of the intersections of the two are real and distinct, 
lying on one circuit e of H, and one circuit ¢ of C,. 

b) That £,, contains a base arc 6, containing all its inter- 
sections with a curve of order 1, a number which divides both 


nm and r, this base arc lying on one of the arcs determined on | 


ée by c. If one of these arcs be of the second sort, that shall be 
the one on which J, lies. 

c) That £, shall contain a second base are 6, which contains 
all its intersections in proper order with a curve of order vp, 
which number divides both n and 2r. 

Since 6, contains the total intersection with a curve of order 
v, it will contain the total intersection with a curve of order 
n+r 

my 
this curve 0,,. and write 
Case = CH +88 ny 


where 6 is supposed to be infinitesimal. This curve lies infinitely 
close to C,, and H,, meeting the latter only in n(n-+-r) points of 
one arc 6,, which will follow in the same order on the two, with 
no ares of the second sort by 9]. It will have one circuit near to 
each of the other circuits of HZ, and OC, and nr even circuits 
obtained from e and ¢ by small variation. The total number of 
circuits will thus be 


COO ne = Ot tr —2) 


(n-++r) made up of infinitely close curves of order v,. Call 


+l, 


and this is the maximum possible for a curve of the order n--r. 
It is to be noted that this new curve C,,,. could be taken as a 
new aggregate curve to H,. We now pass to 6, and take a curve 
Honse Of order 2n-++-r having all its intersections real and lying 
on one arc of b, and write as before 


Contr = a Carlin tStbonie 
The intersections of this curve and H,, are real, n(2n-+-r) in 
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number, following in the same order on the two and lying on by. 
The number of circuits is obtained from the previous formula, 
changing r to n-+-r 

2 ye — 

( ian Ee 2) eT 
A few moments’ consideration will show that we can step ‘up 
indefinitely in this way, using first 6, and then b,, thus getting 
a curve of order kn-+r 


where k is a positive integer, with the maximum permissible 
number of circuits. 

There are various remarks which should be made at this 
point. Whenever we are about ready to stop, so that we do 
not care where our last curve may intersect H,,, we may replace 
our curve % or @ by a curve consisting in whole or in part of 
such factors as (x?--y?+-1)™. We next see that if we can find 
separate aggregate curves of order 1, 2,...,n—1 we can find a 
curve of any degree greater than n with the maximum number of 
circuits. In fact we may do this in an extraordinary number of 
different ways. We proceed to illustrate a few (see figs. 4and 5).* 

A) Take n=1. The generating curve is a straight line, the 
curves and sets of lines meeting it in the one or the other of 
two well-separated segments. 

B) n= 2. We start with a conic, and the two ares determined 
thereon by two lines which intersect outside. If we be content 
to seek curves of even order we take as C, another ellipse, 6, as 
four lines meeting F, in pairs of points of one arc determined 
by C,, and proceed as above. 

The case of the cubic is easily handled in the same way. We 
thus get 

Theorem 13] Jé is possible in a great many ways to construct 
by small variations a non-singular curve of any order with the 
maximum number of permissible circuits. 

It is now necessary to see if we can find curves with the 
maximum number of circuits compatible with a certain number 
of singular points. 


* Cf. Harnack, p. 197, also Ragsdale, pp. 381 ff. The two figures (4 and 5) are 
taken from the latter source. The author takes this opportunity to thank the 
editors of the American Journal of Mathematics for their courtesy in permitting 
him to copy them. 
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We saw in 12] that if the number of double points be n—k—2 
the maximum possible number of circuits possible is 


(n— alive ieee ea! ae ins 


Let us assume that for every value of the order up to and 
including n, and for every value of k up to and including n—2 
it has been shown that there exists a curve with this maximum 
number of circuits. Let us also assume that a line can be found 
cutting one circuit in n distinct points which follow in the same 
order on the line and on the circuit, the curve being Z#,, and the 
line 1,. These conditions can certainly be fulfilled for n taking 
any one of the values 1, 2, or 3. Let ¢,, be another curve of the 
same order as H,, and with the same double points, and meeting 


4 . 


¢ 


i=6 
1 arith 0. 


Cg from 04 by 1st mode of generation. 


t=6 
Cg=Ca- Ey+5 [Lu =0. 
— = fail 
Cg from C4 by 2nd mode of generation. Cg from Cg, C, from C6, 
(, from C4 by 1st mode of generation. (, from C4 by 2nd mode of generation. 


Fria. 5. 
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it also at P, one intersection with 1,, while the remaining inter- 
sections of /, and ¢, shall be on a segment PQ, where Q is 
a neighbouring intersection of J, and E,,. If 1, have an arc of the 
second sort with regard to H, we must choose this for PQ. 
The number of conditions imposed on ¢,,, since a double point 


imposes 3, is 
P 3(n—k—2)--n = 4n—3k—6. 


Now since n?—5n+12>0 
n(n+3) > 8n—12 
n ae > 4n—6, 


so that we have not, really, asked too much of ¢,,. Lastly, let J, 
be another line through P. We write 


Enst ae L,4y+ clad. 


The curve £,,,, will have a double point at each of the n—k—2 
double points of Z,,, also an additional one at P. It has a circuit 


(n—2)( 


near each of the set +k—1 circuits of H, away from 


that cut by l,, n—2 circuits near HL, and 1, by small variation, 
and a circuit with a double point at P. 
The number of double points of H is 


n+1—k—2. 
The number of circuits is . 
9) fk 1+(n—2) a ieee aE -k 
_ [n+1)—21n+1)—3] 4 y, 


2 


This holds for all values of k up ton=2. For k=n—1 we 
get a number compatible with the order n. Lastly it is clear 
we can step up, for the line /, meets # in n+ 1 successive points 
on one circuit. 

Harnack’s Second Theorem 14] There exists a curve of each 
order with the maximum number of circuits compatible with that 
order and with a certain number of double points, provided that 
number is not permissible for a curve of lower order.* 

* Harnack, p. 193. 


Se, 
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§ 4. Nesting circuits 
Tn our discussion of the circuits on a curve we have, so far, paid 
no attention to their relative positions. We shall promptly see 
. that there are very definite rules governing this matter. 
Definition. Two even circuits shall be said to ‘nest’ if one be 
inside the other. A set of even circuits shall be said to ‘nest’ 
if they can be so arranged in order that each is inside the 
preceding one. It is clear that a line which intersects the inner- 
most circuit of a nest will meet each circuit twice. We thus get 


some simple theorems due to Hilbert.* His theorems read some- 


what differently from ours as he does not include the outermost 
circuit as forming a part of the nest. 
Theorem 15] If the order of a curve be n, an upper bound for 


the number of circuits in any one nest is “ and this number cannot 


be attained if there be any circuits other than those in this nest. 
Theorem 16] The upper bound for the total number of even 


at aT _ 2 : n—Il 
circuits in any two nests is 5 when n 1s even, and eae when n 


is odd. 
Theorem 17] When n is odd an upper bound for the number of 


ores tes - nm—l : 
circuits in one nest is — . If there be this number there can be 


no other nest. 

It is often a far cry from determining an upper bound for any 
number of objects, to showing that this bound is ever reached 
in practice. Fortunately in the present case it is possible to 
do so.t 

We start with n= 4, noticing that in fig. 5 we have an 
example of a curve of the fourth order with four circuits, one 
of which meets the ellipse in 8 points arranged in the same order 
on the two. Neither has an arc of the second sort with regard 
to the other, but one arc of this circuit and one are of the 
ellipse determine a region containing other circuits of the 
quartic. 

Suppose, in general, we have our ellipse, the generating curve 
H,, and an aggregate curve C,, with the following properties: 


* Cf. Hilbert, pp. 116 ff. 
{ Hulburt?, pp. 197 ff. 


steel 
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1) It has the maximum number of circuits ("= 


and a nest of “—* as 

2) One circuit meets the ellipse in 2n points arranged in the 
same order on the two. 

3) One of the regions determined by ares of C,, and E, con- 
necting two points contains some circuits of the nest, or is 
contained in some. 

Let us take n+ 2 lines meeting #, in pairs of points on some 
other arc besides that last mentioned. We write 


CO. =0 foil 0. 


What can we say about C,,,5 ? 

1) Its order is n+-2. 

2) It lies very close to C,, and E,. 

3) It meets H, in 2(n+2) points in the same order on the 
two. 


4) It has a nest of ; circuits close to the nest of C,, and the 


arc of C,H, mentioned. 

5) A composite circuit made of arcs of C, and EH, includes 
circuits of the nest or is included therein. 

6) It has the maximum number of circuits for a curve of 


order n+-1, namely ’ 
pied 


2 


7) It may be used to step up further. 

It appears from this that we can get a curve of any even order 
with no singular points, with the maximum number of circuits, 
and the maximum number of nesting circuits compatible with 
the total number. Moreover, in deducing this curve we might 
have replaced our ellipse by a pair of intersecting lines whose 
intersection was outside the first aggregate ellipse C,. The 
curve C, would have four circuits, two within the ellipse, one 
without the ellipse, but between it and segments of the lines 
running to their intersection, one starting in the opposite 
angular opening, meeting each of the lines four times and 
running around to the ellipse through infinity. The essential 
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arrangement is just as before, and we may step up indefinitely. 
But now we have a curve of even order n intersecting a line 
n times. If we make a small variation of this curve and / we get 
a curve with these properties: 


1) Its order is n+1. 
2) It has a nest of ‘ curves. 


3) It has a circuit near each of the circuits of C,, which does 
not meet the J, n—1 even circuits near / and the crinkly circuit 
of C,,, and one odd circuit near the two. 

These, however, are the maximum numbers for an odd 
circuit. 

Hilbert’s Theorem 18] For every order n there exists a non- 
singular curve with the maximum number of circuits, and the 
maximum number for any one nest.* 

When n = 6 the maximum number of circuits is 11, the maxi- 
mum in any nest is 2, and there exist such sextic curves. It is 
a curious fact that if a sextic have eleven circuits, at least one 
pair must nest. 

It is now time to look for curves with the maximum number 
of circuits and double points together. A double point may be 
classed as a circuit of zero extent. 

The new circuits were created in our system of small varia- 
tions by an arc of C, and one of H, which had 2n successive 
intersections. Now if instead of taking our lines J,,/,, etc., all 
meeting some other arc of H,, we take some of them to form 
a succession of segments connecting successive intersections of 
C,H, ; such intersections, being double points both for C,,#, and 
for pairs of lines 1;, 1;, will be double points for C,,,., which will 
have certain new double points in place of as many new circuits 
away from the nest. This gives 

Hulburt’s Theorem 19] There exist curves of every order n 
with the maximum number of nesting circuits compatible with their 
order and other circuits, and the maximum number of circuits 
and double points in any combination which is impossible for 
a curve of lower order. 


* Hilbert,? p. 122, for the case n even. 
+ Cf. Wright. t Hulburt?. 
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§ 3. Apparent order and index of circuits 
We shall mean by the ‘apparent order’ of a circuit the maximum 
number of different real intersections with any real line. This 
number can never exceed the order of the curve, and may fall 
far below it. We shall mean by the ‘index’ of a circuit the 
minimum number of real points on any real line not tangent or 
passing through a singular point. This number will frequently 
be 0, it cannot exceed n—2, for if a tangent be slightly displaced 
away from the curve it will lose two real intersections. It is the 
purpose of the present section to look for curves of certain types 
with the greatest possible index. Are there any curves of index 
n—2% 

Let us begin with a curve of order n and an ordinary singu- 
larity of order n—1. There is no difficulty in writing the 
equation of such a curve. We merely have to put down 


I lol g--Iy +1 jMp...My_, = 0, (1) 


where the /’s and m’s are homogeneous polynomials of the first 
order in x and y. Let us assume that all the /’s and all the m’s 
are distinct, and that the m’s, equated to 0, bisect all but two 
of the successive angular openings about the origin determined 
by the l’s. These latter lines are parallel to the asymptotes, 
and none of them can meet the curve at any point except the 
origin and at infinity. There is, thus, an infinite arc of the curve 
in each of 2(n—1) angular openings of the /’s, those which 
contain the halves of the m’s. The curve crosses each of the 
I’s at infinity and so, by Ch. III 5] it goes to infinity on the 
same side of the J in each of the opposite angular openings. 
In one of the angular openings where there is no m there will be 
a loop of our curve, the opposite opening will be empty. 
A straight line, not through the origin will cross n—1 angular 
openings, and enter two opposite angular openings. If it cross 
an angular opening with an arc of the curve running from the 
origin to infinity it must cross the curve. If it enter without 
crossing an angular opening with a part of a hyperbola it will 
cut that part of the curve once. A line with the minimum 
number of real intersections will be one that crosses the empty 
angular opening and enters, without crossing, two containing 
arcs that run from the origin to infinity. 
3781 EF 
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CHAPTER V 
ELEMENTARY INVARIANT THEORY 


§ 1. Trilinear coordinates 
ONE great advantage in using homogeneous coordinates, x: y : z, 
instead of ordinary Cartesian ones, x and y, is the way that 
parallel lines can be handled as lines intersecting on the fictitious 
line at infinity, also the symmetrical way in which the three 
variables can be handled. Both of these advantages are retained 
in a more general system of coordinates which we shall now 
explain. 
What is the most general system of coordinates 2,72,7, which 
are 
a) homogeneous ; 
b) such that x, y, and z are functions of x,, x, and x, with 
continuous first partial derivatives ; 
c) such as to give to every straight line a homogeneous 
linear equation ? 
We write 
© = U(Ly, Wp, X3) Y = Y(®1, Va, X3) % = 2(Wy, Wy, 25) 
uxtvy+ we = kh(uye,+uUg%2+Ugt3). 
Since our coordinates are homogeneous we may replace kz,, 
katy, kx, by X1, Xq, 3, getting 
wa vy + we = Uy4% 4+ Ug%y-+-Uz3. 
Differentiating partially to x, 
Ox oy Oz 
— tv ~+w— =. 
" a, re 0x; is Ci es 
As u, v, and w are perfectly independent variables each partial 
derivative is a constant. The functions involved are linear and 
homogeneous: 
ot = Ayy%+Ay.%+ Aygts 
oy = Ag, %, + Agzt.+Aggts 
0% = Ag,%,+ Aga. + Aggts. 
If the determinant |A,;| were 0, these equations would be 
F2 
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linearly dependent, which is not the case. Hence we may solve 
them getting 

ply = Ay X+-AyeY + Ay 3% 

Ply = Agy% + Age + gg? |a,;| #0. (1) 

pls = As,X-+ Ago + Ag32 

Such a system of coordinates are called ‘trilinear’. Let the 
reader prove: 

Theorem 1] The trilinear coordinates of a point are propor- - 
tional to constant multiples of the distances of that point from 
three non-concurrent lines, when all of those lines are finite. 

The Cartesian coordinates, in homogeneous form, are a special 
case of trilinear coordinates, but do not come under this theorem, 
since one line is at infinity. When the three lines are chosen we 
may use such multiples of the distances that any chosen point, 
not on one of the lines, is the ‘unit’ point, i.e. that one with 
three equal coordinates. The commonest way is to take the 
centre of the inscribed circle as the unit point, then the co- 
ordinates of a point are proportional to its distances from the 
sides of the triangle, with proper algebraic signs attached. If a,, 
Gz, a3 be the lengths of the sides of the triangle, the equation 
of the infinite line is 

4X1 +-ApXy+Ag%, = 0. 

If, on the other hand, we take the centre of gravity as the 
unit point, since the three triangles whose vertices are in each 
case this point and two vertices of the given triangle have equal 
areas, the coordinates of a point are proportional to the areas of 
the triangles it makes with two vertices of the given triangle. 
The equation of the line at infinity is 


Ly+%,+7, = 0. 
These are sometimes called the ‘Barycentric Coordinates’ of 
Mobius.* 

We shall also have occasion once or twice to use oblique 
Cartesian coordinates, where a point is located by its distances 
from two lines which make an oblique angle, the distance from 
each axis being measured, not directly, but in a direction 


* Cf. Mobius. 
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parallel to the other axis. Oblique axes may be put in homo- 
geneous form if desired. They are to-day much less taught and 
considered than they were two generations ago. 

As a matter of notation the points whose coordinates are 
(1, 0, 0), (0, 1, 0), and (0, 0, 1) shall be called the points O,, O,, O; 
respectively. 

Theorem 2] Any four coplanar points, no three of which are 
collinear, may be taken as the unit point and the points O,, Oz, Os 
of a trilinear coordinate system. The coordinates of every point are 
then completely determined except for the factor of homogeneity. 

Theorem 3] Every set of numbers, not all 0, will correspond to 
the coordinates of a perfectly definite finite or infinite point in any 
trilinear system. 


Let PUL; = Ags Ajo + jg? 
PY 5 = AU + Ajzey’ +A;32". 
Then  p(Ax;,+ bys) = AAC+ pe’) +ajo(dyt py’) +ais(Az+ pz’). 
Theorem 4] If the homogeneous Cartesian coordinates of three 
points be linearly dependent, then the trilinear coordinates of those 
same points are linearly dependent, and the multipliers are the 


same in the two cases. 
Suppose that we take four collinear points with the coordinates 


A(x) +p (y), A,(2)+ poly), A3(%)-+-M3(Y)> X4(%) + pay). 


Assuming that their line is not vertical, the projections of 
these points on the z-axis will have the non-homogeneous 
coordinates 


Aye pe’ Ast pg” Ast bgt" Aye py’ 
A+ AstHe | As+es Atha 
The cross ratios of the original points and their projections 
are the same, the cross ratios of the projections are found im- 
mediately from their distances, which are the differences of 
their abscissae, and take the form 


Ar Ha] [As Bs 
Ae He} [Ag Ha 
Ay Py : As ps 
Na Hal [Ag Pe 


” " , eee a 
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Theorem 5] A cross ratio of the four points Ay(2) + Pay)» 
Ag(x) + poly), Age)+Hs(Y)> Aa(@)-FHaly) may be written in the form 


A, Pal |As Bs 
Az Mel” Ag Ma (2) 
Ay a Ay pe 
Ag Hal |As Hs 


Theorem 6] A cross ratio of (x), (y) as one pair and X(x)+ p(y), 
N (a)+p'(y) as the other pair may be written 


, 


Nu 
Ne 
Theorem 7] The points A(x)+p(y) and d’'(x)+p'(y) divide the 
points (x), (y) harmonically if and only af 


Au’ +2'p = 0. (3) 
A point (x) will be on a line (w) when, and only when 
(wa) = UyXy + Ugly + Ugts = 0. (4) 


The coefficients are called the ‘tangential coordinates’ of the 
line, and are homogeneous. 

Theorem 8] The tangential coordinates of a line are proportional 
to constant multiples of its distances from the points O,, Os, Os. 

Of course this ceases to hold when any one of these points is 
at infinity. 

Theorem 9] A linear homogeneous equation of the first order 
in tangential coordinates characterizes the lines through a point. 
The trilinear coordinates of the point are proportional to the 
coefficients in the equation. 

Suppose that (zx) lies on the line (w) and (y) on the line (v) 

(ux) = (vy) = 0. 

Then the point A(uy)(«)—(vx)(y) lies on the line A(w)+p(v). 
Our previous expression for cross ratios will be unaltered if we 
replace A; : uw; by (wy)A; : —(vx),. 

Theorem 10] A cross ratio of four concurrent lines d,(u)-+p4(v), 


A(U)-+Hg(v), Ag(@) + H3(2), A4(w)+p14(2) may be written 


ri, By ds Bs 
Ay Be ; \Aa Ma (5) 
vy ae rs bs 
vy Ha rg He 
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It is evident that theorems 6] and 7] hold equally in tangential 
coordinates. 

As every system of trilinear coordinates is linear and homo- 
geneous in x: :z, so is every system linear and homogeneous in 
every other system. The relation between two such systems may 
be written in the standard form 

Pty = Ay, +A 2%9 + Ay 3X5, 
Ply = Ay1X + Ago%o+Agyx, |A;;| AO. (6) 
PX 3 = Agy®y + AgoXo + Aggy 
Solving these equations, we get the inverse relations 
0%, = Ay,%,+Ag%+ Ag xs 
Ot = Aye%+ Anta t+Agr, Ay = 
on = Aygt1+ Ag3%y+Agaits 
If we multiply equations 7) through by uj, wu}, u5 respectively 
we get the contragredient relation 
Ay = AyyU, +A y95 + Aygu3 
Ng = Ag1U, +Aggty+Agsus 
Aus = AgyUy +A gto + Aggus. (8) 
The inverse is obtained by solving these equations: 
PU] = Ay Uy + Ay1Ug+Ag1Us 
[Ug = Ay: + Ag9Wa+ Agotlg 
PUs = Aygly+Ag3Ua+Aggs . (9) 

The equations are compactly written in the notation of the 
modern differential geometry, where the repetition of a superior 
or inferior index means a summation 


dla; 
oa, 


| (7) 


aj 


pL, = 0; Xo OL, == A, AU; = AjyUe HU, = Ay iUey 

It is clear that exactly similar equations will hold in a pro- 
jective space of any number of dimensions as discussed in our 
first chapter. 


§ 2. Invariants and covariants, first principles 

Our equations (6) to (9) give us the most general method of chang- 
ing coordinates so that a straight line shall have a linear homo- 
geneous equation of the first order. There is, however, a 
seemingly different interpretation that can be put upon them. 
Instead of imagining that each point in the plane stays in 


} et. aa 
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place, and the coordinate apparatus is changed in a certain 
way, we may assume no change in that apparatus, but that each 
point is replaced by another according to a definite scheme. 
Thus our equations may be looked upon as giving the most 
general transformation of the plane which depends on functions 
with continuous first derivatives, where a point goes to a point, 
and the points of a line to the points of a line. The two interpre- 
tations are, essentially, the same thing. The coordinates of a 
point give its relations to the points O,, O,, O3,, and the unit 
point. The equations state that that relation is altered in a — 
definite way, it is immaterial whether we look upon the general 
point, or the four particular points, as staying fixed. 

Theorem 11] The most general transformation of the plane 
depending on functions of the homogeneous Cartesian coordinates 
with continuous first derivatives which carry a point to a point, 
and the points of a line to the points of a line, is a homogeneous 
linear transformation of non-vanishing determinant. 

In making a further study of these linear transformations or 
‘collineations’ as they are called, it is well to generalize to 
a projective space of N dimensions in the fashion indicated in 
Chapter II. A point has n+1 homogeneous coordinates 


Ly Mgt nS Dyas; 


and every such system, not all 0, corresponds to a point. 
A linear equation 


i=N+1 
ie Ue; = (ux) =0 (10) 

_ gives a hyperplane. 
Theorem 12] The most general transformation that depends on 
functions having continuous first partial derivatives, and carries 
points of a hyperplane into points of a hyperplane, is linear and 


homogeneous, with non-vanishing determinant. 
We may write our four equations (6) to (9) once more: 


ply = > yj; ot, = > Aju; 
J j 
— , co 
fu; = 2 Aig; pu 2 ays; (11) 
3 
or, in tensor notation, 


— Ls — — ; 
Pl; = Aj My oN; = Aye, hu; =A;juh PMU, = Ag; (12) 
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Suppose that we have a set of k homogeneous polynomials 


Fi (1, %a,..-, Xy41)s Foy; Xay.-5 Vy 41) Fpe(Lrs Vas-) Uy 41) 
which are subjected to the transformations (11). Suppose there 
is a homogeneous polynomial C, involving the coefficients of 
the f’s and the coordinates (x) perhaps those of several points, 
and which has the property that when the coordinates (x) are 
subjected to the transformation (11) we have identically 

C= Ray)... Qyar, nor)C, 

where C’ is the same expression in the new coordinates and 
variables that C is in the old ones, while R is a homogeneous 
polynomial depending on the coefficient of the transformation 
alone, then this polynomial C is called a ‘covariant’ of the 
given forms under the given transformation. If the variables 
(x) do not appear, it is called an ‘invariant’. It is clear that the 
definition of invariant can be widened to other kinds of functions, 
and that all constants are invariants, but we assume that we 
are not speaking of such. If the (x)’s be replaced by w’s the 
expression is called a ‘contravariant’. The order in the variables 
(x), assuming that only one such set is involved, is called the 
‘order’ of the covariant; its order in the coefficients is called its 
‘degree’. This is one of the cases, like the theory of differential 
equations, where the words ‘order’ and ‘degree’ have different 
meanings. 

The first essential matter is to determine the nature of the 
multiplier R. Fortunately this is not difficult. If we follow a 
transformation by its inverse, everything must come back into 
place, hence 


Ray)... an 41, | 


Now the general determinant is unfactorable, hence 


R(a41,.--5 Oy 41, wii) B(Ay)..-, Anas, wit) = |ai3|° 
[°. 


Ay Axsnszt) <5 jl, 


|a;;| bh: |e; | 


Ray via, waa) = [Gy 

The exponent w is defined as the ‘weight’ of the covariant. 

When we are dealing with a single form f(x, %,...,%y4) of order 

n there is a simple relation connecting these characteristic 
numbers. The order of C being v and its degree 5 we have 


C(x, BG, <5 @x41) = la;; ["C"(xy, Woyeees @y +1): 


> ~~ ee. ee 
z - 
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The coefficients of f’ are of degree in the variables a,;. 
The degree in these variables on the left is nd, on the right 
(N+1)w+v. | 

Theorem 13] The degree of a covariant of a single polynomial, 
multiplied by the order of the polynomial, is equal to the order plus . 
the product of the weight and the number of variables. 

Theorem 14] A plane curve of even order cannot have an in- 
variant of odd weight. 

There are certain standard methods of grinding out invariants 
and covariants that deserve passing notice. Let us rewrite our 
last equation 

OP (D4, Ch 5.00p B15 XQ5002 By 41) = [yy |O"(D, €,..., 1, Loy-2, By yg) 

If we replace each of our original polynomials by a linear 
combination of itself and another general one of the same order, 
we should do the same for the transformed polynomials, as 
linearly dependent polynomials are transformed into linearly 
dependent ones. We thus get: 


OP (AD pb}, Ae" Beh yeeny Why Whgenny Byf 41) 
= |a,;|"C’(Ab+ pb, Ac+pE,..., ©}, 15-04 nr 43): 
Expanding by Taylor’s theorem: 


+, OC” > oC” 
2 eae ms erage 

We may look upon this as a device for passing from a co- 
variant of k forms to a set of covariants of 2k forms, or we may 
do what appears, at first sight, as a rather senseless proceeding,i.e. 
look on 6 as meaning the same thing as b, € meaning the same 
thing as c, so that we have the original covariant in slightly 
modified shape. Repeating a number of times we get: 
OUNCE ALN Ae Ra aE eRe 

. = |a,,;|"C"(b®, 6, ..., c, PSE ERO 

Here is a covariant with a great many redundant letters in 
it, but if the process be continued sufficiently we can get down 
to an expression of the first degree in any one of the equivalent 
sets of coefficients b, c, etc. The process by which it is found is 
called the ‘Aronhold’ process. 

Theorem 15] If the Aronhold process be applied a sufficient 
number of times to any covariant, there will result a new covariant, 
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involving various sets of equivalent coefficients, but of the first 
degree in any one set. 

Closely akin to the Aronhold process is the so-called “polar 
process’, in fact the Aronhold process is the polar process 
applied not to the forms but to the covariant looked upon as 
a polynomial in the coefficients of the forms. Given 


F(%1; Lo,00-) L441) Sf (2p, Vo+-0 Ena) 
SA% BY 1, AX MY os-- ATV 4a +BY N41) 
=f a ee Atv 41+ HY N41) 


(y Z\= (v T): ey did; i . => Yi; Ou se 


aj 


The operator AC of i) = 2 >>? af 


ax} nH” " dat 
v 


is called the ‘polar operator’. It changes a covariant in one set 
of variables into one involving two sets, or even more, if it be 
applied several times. When only two sets are used, we have 
the successive polar forms 


of J iad sd 
AG =) n 2 Vibe Ox; = 5a 


1 af of 1 orf 
n(n—1) (y Z) = Sei) 1) aw at) DH dx,0u; n(n—1) Yop 0% 0% : 
As an example, let us candi the quadratic form 


>, b5j% i; bis = by; \b;;| #9. 
VY 


Polarizing once, we get 


>, Dag@i;- 
Y 
Transforming the variables (x) but not the variables (y) by 


(11), . y 
»S bij CiY; b= 2 Ari D ps [bij] = |aeg|- [Bal - 
VY 


Transforming (y) by the same process we have 
2 bi ja iy; 0 ae = sD in |b;;| a |b i5|- [Gay | 
|b; ice ya |a;;|*- bi ,| - (13) 


Theorem 16] The discriminant of a general quadratic form vs an 
invariant of weight 2. 
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If we apply the Aronhold process to this invariant we get 
oa 


Suppose, in eta that we have two ree quadratic forms 


by ,0} + (byg4-O91)% 2+ DooX5 C427 + (Cre Coy)%4%_+ Copit3« 
We find at once three invariants 
bybo2— i> €440o2— Ci By4Cog +0901 — 20 42C9- 


“We shall subsequently learn the meaning of the vanishing of 
each of these. Returning to the case of N-+1 variables, the — 
second polar form is of 

Ta se) he 
2 > Yi; Gu,0u; 


The discriminant of this quadratic form in (y) is 


cla af af 
au? On,0l_ AUR ag 
K > 
o’f o'f Of 
Cay 410%, Oty Oy OM ay 


where K is a constant to be determined later. We are not free 
to say that this expression is a covariant, because the (x)’s are 
transformed by the same transformation as the (y)’s. Such is 
the case, however, as we learn by studying a new operator. 
Suppose that we take N-+1 functions of as many sets of 
variables. Such variables are supposed to be ‘cogredient’, 
meaning that they are all affected by the same linear trans- 
formation, they represent different points in the same projective 
space of NV dimensions. We create a new function 


P= fP(®1, a)... Cyr) fP(Yrs Yoreees Yn tT Gedo 


The superscripts 7,, ”9,... indicate the orders of the see, 
The ‘Cayley operator’ is defined by 


ane a 
Ox, xy eens 
1 4) o 7) 
or= | ee 14 
NyN...| OY, OYs OYN +1 tee 
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It must be understood that the determinant expands into 
symbolic products, not hie .. but ade 
x; OY; ON OY; «+ 
applied to any polynomial which is homogeneous in the separate 
sets of variables (x), (y),.... not merely a factorable one like F’. 
We see at once 


. Also it can be 


ra) ra) oO O ra) ra) 

Be OLS te aa Be Oleg MeO aa 
ieee: Ea eed Sas P 

oy, oy’, . . . oul... F = |a;;| . A, on . . . a gM 
Yr Ye YNH Yr Ye YN+A 


If in the F first written all the factors f,, f,,..., be identical 
and of order n we have 


of of of 
C0 OL Olay 
ac manne af 
Q f(x 5S ae tives oy 2 
FMD nN + | Oy, Ye OYN+1 
If, at this point, we put (x) = (y) =... we get 
ee of 
Ga, Ot, Ray 
abet, cof of Bit ae a af = 0. 
mN+1| Gu, O25 Olin s4 


But if we apply the Aronhold operator twice and then put 
(x) = (y) = etc., we get the so-called ‘Hessian covariant’ 


af of ef 

On? 0u,0r, = a0 

of of of 15 
A(z,, X95 eer Un 41) — K x2 ,02, da? . . . Ox ,0%y 44 . ( ) 


a oo eae a 


78 ELEMENTARY INVARIANT THEORY Book I 


If the Cayley operator be applied once to N+1 linear forms 
there will result the N--1 row determinant of their coefficients; 
if it be applied twice to a quadratic form we get a constant 
multiple of the discriminant. 


§ 3. The symbolic notation 

Suppose that we take the most general polynomial of order n 
in our N-++1 homogeneous variables. We may write this with 
certain apparently useless numerical coefficients in the form 


n! 


fairies 
por Pd 


Let us compare this with the nth power of the linear form 
(4% +AQ%y+Ag% 3+... +Ay 410 y 41)”: 

It will be seen at once that we pass from the one to the other 
by replacing a,,, by afaga3. The number of independent 
variable coefficients is much less in the second case, but as the 
same powers of all the a’s do not appear in any two the coefficients 
Angr are not linearly dependent when the original polynomial is 
a power of a linear one. The coefficients in this latter case are 


connected by a number of algebraic relations, none of which are 
linear. They take the form 


Pit P2=PitP, htea= utd mt = +1. 
(aiagiag )(a?2a320%2) = (aPiagiazi 1) (aP2aZat?) 


2 APL GLS 6 PEG"... = 


Lp 14 ip 27272 = ay! 14 ps 202"3" 


The condition that f(x,,x,...,%)4,) should be a power of a nese 
form will only involve non- Spon relations among its coefficients. 

Suppose now, that we have a relation involving the covariants 
and invariants of a system of forms. We may apply the Aron- 
hold process so often that the relation becomes linear in each 
type of coefficients, even though different types may stand for 
the same thing. Then whatever linear relations hold when the 
original forms were powers of linear forms in 2,,2%,...,% 4, Will 
hold universally, for these linear relations cannot be attersd by 
the truth or falsity of irreducible non-linear relations. Tf, thus, 
we replace our original forms by perfect powers of linear ones, 
and introduce a sufficient number of equivalent symbols so 
that no ‘actual’ coefficient appears above the first degree, or no 
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coefficient of a linear form to a degree above the order to which 
that form was raised to replace a given form, then whatever 
identical relations exist in the new notation are true in the 
old also. 

Fundamental Principle of the Clebsch-Aronhold Symbolic 
Notation] If each of a number of forms be replaced by a power 
of a linear form in the same number of variables equal to the order 
of the given form, and if a sufficient number of equivalent symbols 
be introduced by the Aronhold process so that no actual coefficient 
appears except to the first degree, then every identical relation 
holding for the new specialized forms holds for the general ones.* 

This means in practice that we replace a form 


n! fe n! ‘ anes 
ee Angrs Ue g%3-+- — » plgirl..- Dingrss*C{XQX3 +> —— oe 
par par 


by 
(4,0, +A%o+... Fy 44%y 43)” = (G14 109% +... +OyutNni1)” 


and this, again, we write symbolically 


am =a" = ath = 
where the symbols a are meaningless except in products of n 
together, in which case they mean the actual coefficients with 
corresponding subscripts. 
If we are dealing with the contragredient variables, that is 
to say, the hyperplane coefficients (w) we write 
wn = Un = Uae. 
As an example of the compactness of this notation we note 
that the rth polar of a? is ara (16) 


If we apply the Cayley operator to aja,"a,"...we get 


“Nil [Oa-O" 5, | et ta... 


The Hessian of a? =a/,.” = a7”... is written 


E00 0 Oe ene eae (17) 
The following are the usual types thus found: 
a”, um, |abe...|*, |aBy...|', jabe...wow...|",  laBy...vyz...|. 


* Clebsch!, pp. 1 ff. For an excellent discussion in English of the whole 
invariant theory from this point of view, see Grace and Young. 
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It may be proved that when we are dealing with polynomial 
covariants in (x) there are no terms of other form than 
\abc...|a,b™.... The demonstration is too long to reproduce here.* 

There is one identical relation from which many others may 
be deduced 


b, bg. . bya, 5g 

C, Cg + + Cui Cy |= 9. 
LN ae Nin Ne 

Pi Po + + Pw Po 


Developing this we have 
lbcd...Np|a,,— |acd...Np|b,+ |abd...Np|c,+-...+ 
+(—1)* |abed...p|N, = 90. (18) 


§ 4. Binary domain 

Suppose that we are dealing with the binary domain, the 
projective geometry on a straight line, so that N=1. Let us 
use Greek letters for our point coordinates, to distinguish from 
the trilinear coordinates (x) which are our principal affair. 
There are no contragredient variables (wu). There are but two 
types of symbolic expression in the Clebsch-Aronhold notation, 


|ab|, Qe. 
If we put dg=t, dz=—& a= |adl, 


our identity (18) takes several forms: 


|ab|eg+ |bclag+ |ca|bz = 0 (19) 

|ab|.|cd|+ |bc|.|ad|+ |ca].|bd| = 0 (20) 

|ab|.|&n| = agb,—a,be. (21) 

By shifting az|bc| to the other side in (19) and squaring we get 
az |be|? = bz |ca|?-+c2 |ab|?2|ab |. |ac|b -cy (22) 

lab |*1&q|* = a267 +-b2a*—2a,b,a,b, (23) 


2\ab|. lac|bec, = be lac|’+-c% |ab|?—az \be|?. 


* It is more common to write a determinant (abc...) but our form is really 
better. For a proof in the binary case, see Grace and Young, pp. 25 ff. 
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Squaring and transposing 


[bc |fae + |ca|*b% + |ab |*c2 —2|ca|?|ab |?b 202 — 
—2|be|?|ab |?czaz —2|bc|?|ca )Pazbz = 0. (24) 


Let us find the simplest invariants and covariants of the 
simplest binary forms. If we have a set of linear forms 


Qe, De, Ce, 
we have invariants of the type 
loc}, |ca|, ab}. 


As a matter of fact there are no others. For when three linear 
forms are given, the roots of all others are expressible as cross 
ratios which the roots of the new forms make with the points 
which are the roots of the three original ones. The reader will 
easily see that cross ratios of the type (2) are expressed by means 
of just such two-row determinants as these. 

If we have a single quadratic form 

Oh ee oy ey RP 
the roots will fall together when, and only when, there is a 
point (namely this root) whose harmonic conjugate with regard 
to the roots of the form is indeterminate. Now if (7) lie on the 
first polar of () so that di,(lz = 0, 
it is easy to show that (&) and (7) are harmonically separated by 
the roots of our quadratic form. The condition for equal roots 
is that we can find (7) so that 
A,01 = ly = 0. 
In other words 
Ain +a44272 = 9 4499, +49°"Ns = O a4, |aa'| = 0 
ana, |aa'|* = 0 laa’ |? = 0. (25) 

This method of finding the discriminant may be generalized 
at once to the former case of N-++1 variables which we treated 
in the preceding section. If a ‘hyperquadric’ have a symbolic 
equation a=a2=a;7...=9, 
3781 q 


nr 
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there is a point (7) whose polar hyperplane is indeterminate 
when, and only when, 


aa, = 9 a0, = 90 Aza, = 90... 
,0,04...\aa'a"...| = 
Permuting the equivalent symbols a, a’, a”, etc., in all possible 
ways, and combining we get 
laa’'a”...|2 = 0. (26) 


Let the reader show that the left-hand side of this differs 
only by a constant factor from the discriminant given in (12). 
It is to be noted that the roles of the letters a have been 
changed. 

Theorem 17] In N-dimensional space, the necessary and 
sufficient condition that there should be a point whose polar hyper- 
plane with regard to a given hyperquadric should be indeterminate 
is that the discriminant should vanish. 

We return to the binary domain, and take the case of two 
quadratic forms 


reer fs eae poe 
Their Jacobian is lab |agbe, 
and this is, from its very definition, a covariant. We have also 


the simultaneous invariant 
|ab|?, 


which we found in non-symbolic form in a previous section. 
Let (7), (¢), the roots of the second form, be harmonically 
separated by those of the first form. 


b7 = bt =a,ar=0 
and? +-a7b? —2a,a¢b,,by sax) 
By thy ia 0 
bas 
Then, by (21) |n¢|?. jab]? = 0. 
Tf (n) 4 (9), |nf| 40. 


Hence |ab|? = 0. (27) 
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The vanishing of this simultaneous invariant means, then, 
that the roots of the two forms, if distinct, separate one another 
harmonically. Next consider the Jacobian of the two forms 
MF: = |ab|azbe 
|ja’ |? = |ab|.|aa’|.|ba’ | 
= —|a’b|.|a’a|.|ba] . 

But a and a’ mean exactly the same thing, and these two 
expressions ought to be equal. If, therefore, one equals the 
negative of the other, both are equal to 0. Similarly |7b’|?= 0. 

Theorem 18] If two binary quadratic forms have distinct roots, 
the roots of their Jacobian divide each of the given pairs harmoni- 
cally. The Jacobian will vanish identically when, and only when, 
the two forms have the same roots. 

If the two roots of the Jacobian fall together they will pinch 
in with them one root of each of the forms, so that the two have 
a common root. Conversely, if they have a common root, that 
must be a double root for the Jacobian. 

Theorem 19] The discriminant of the Jacobian of two binary 
quadratic forms differs by a constant factor from the resultant of 


the two forms. 
We calculate this invariant as follows. We wish |j7’|? where 


WF: = |ablagbe fi? = |a’b'|abe 
Fed, = $a’ Layo +6404) 
jy’ |? = |ab|.|ag"|.107"| 
= 4{ab|.|a’b’|.[|aa’|.|bb’|4- |ab’|.|ba’|]. (28) 
The study of the covariants of pairs of binary forms is funda- 


mental in the differential theory of surfaces. If we have three 
quadratic forms a2, b 2, ch, 
the Jacobian of the first two divides the roots of the last 
harmonically in lab |. |bc|.\ca| = 0. (29) 


This then, is the condition that their roots be pairs of an 
involution. 
Consider, next, the binary cubic 


ee ee gee 2 eee err | 
— =A =a a eere 
tas é é 
Gg 2 


84 ELEMENTARY INVARIANT THEORY Book I 


Let us look for an invariant. The most obvious one is |aa’|*. 
This, however, is identically equal to 0, as we see by permuting 
the equivalent symbols a and a’. In fact we have a general 
principle that any invariant or covariant which changes sign 
when equivalent symbols are permuted must be exactly 0. 
After a little experiment we get another invariant 


laa’ |?.|a"a’”’’ |?. |aa’’"|.|a’a”" |. 

Let us show that this is, except for a constant factor, the 
discriminant of the Hessian 
i= hi? = |aa' |a ay. 

We wish to find |hh’|?, and note that we can get this at once 
from the Hessian itself by replacing h, :h, by €,: —€,. 

|hh’ |? = |aa’|?. |ah’|.|a’h’| |a"a’”’ Pazag = h? 
4\a’a’”’ "laze, +a, a7’) = heh, 
|hh’ |? = $|aa'|*.|a’a’”’ |*[ aa" |.|a’a’”’|+ |aa’’’|.|a’a" |] 
=|aa'|?.|a’a’”’ |?.|aa’”’|.|a’'a”|. (30) 

To find the significance of the vanishing of this, let us assume 
that the three roots of the original cubic are not all equal (when 
they are the Hessian vanishes identically). We may make a 
linear transformation so that two roots become (1,0) and (0, 1). 
Our form then is 

az=fEsl€q|, [hh |? = —byy np. 

This vanishes when, and only when, the cubic has (1,0) or 
(0, 1) as a double root. 

Theorem 20] The discriminant of a general binary cubic form 
differs by a constant factor from that of its Hessian and can be 
written in the form (30). 

A binary cubic form could not have another polynomial in- 
variant not a constant, or a power of this one. For if it had 
two, J, of weight w, and J, of we, the expression 

_it 

= Te 
not a constant, would be an ‘absolute invariant’, i.e. one whose 
value would remain entirely unaltered by a linear transforma- 
tion of the binary domain. Two binary cubic forms for which 
this took different values could not be carried into one another 
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by such a linear transformation. But it is well known that we 
can find a linear transformation to carry any three distinct 
collinear points into any other three. 
As a last example of binary methods, let us consider the 
quartic Ae Area ee ni, 
a; =a,4=a; = ay". 
Two invariants will be found immediately: 
I = |aa'|* J = |aa’|?.|a’a" |2.|a’a|?. (31) 
Let us find their value in non-symbolic notation: 


ay = (4,6, +A€5)* = Age { + 4a EFF, + 6a,€73-+ 4a,€,€3-+a,€4 
I 


= (4,43 —a901)* = 2(a9,—4a,4,—6a3). (32) 
G5 Oy Os 

J = (A449— A401; )?(0143—4307)*(A{a,—A34,)? = 6 |a, ay as). (33) 
Go Os) 


Suppose that we have three distinct roots (0, 1), (1,0), (1,1) 
and that the fourth is (r, 1), so that r is a cross ratio of the four 
roots. Our form can be written 


§162(€1 —€2)(€—7&s) 


dg== a, == 0 a,=} ee a, =", 
pe ee ae ee eee pe 
eee fs 2 G3 
a reel tale | eet er G2) 
i 6|— ree n6 |= 72 


Theorem 21] If a binary quartic form have three distinct roots, 
the invariant J vanishes when the roots form a harmonic set, and 
the invariant I when they form an equi-harmonic set, 1.e. their cross 
ratios are the imaginary cube roots of —1 

2(p—1)2 
Fee epee 

This expression will vanish if r=0 or r=1, two of the 
possible cases where the fourth root equals one of the original 
ones. The numerators of J and J will be unaltered if we replace 


r by Z , so that />—6J? will vanish if : = 0, and this is the other 
r 


possible case where the last root equals one of the first three. 
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Theorem 22] The discriminant of the binary quartic will differ 
by a constant factor from B—6J3 


§ 5. Ternary forms 

The theory of ternary forms, which we should like to use at 
every turn in studying the projective properties of plane curves, 
is, unfortunately, ever so much more complicated than that of 
binary forms. We shall therefore treat it but slightly, largely 
to give the reader some familiarity with the symbolic expres- 
sions which will be convenient in our subsequent work. The 
types of covariant expressions are 


ay Ue (dee)? abe |® = fay |f 
| oBar |? |jabw|¢ (ux). 


The only identity often used is (18), and one obtained therefrom 
by squaring. Let us exhibit a very interesting liaison between 
binary and ternary invariant theory due to Clebsch.* Suppose 
that we have a curve of order n given by equations 


at =a = 
Let us find where the line from (y) to (z) meets this curve. 
WwW it 
nals %5 = EY; + 0% 
at = AY =[a,£,+a,6,). 


Suppose, next, that we have some invariant of this binary 


form |AA’|?.|A'A" 2... 
|AA’| = My M2 = |aa'u| 
ay, Uy, 
where Wy = Y jz —Y nj 


An invariant of degree d and weight w in the binary domain 
will involve w determinant factors, and d sets of equivalent 
symbols A, and will give as many factors and sets of symbols in 
the ternary domain, and so a contravariant (i.e. covariant in 
the variables w) of degree d and order w. If we equate the 
invariant to 0 we get an envelope of all lines cutting our curve 
in sets of points for which the invariant vanishes. 


* Clebsch!, p. 28. 
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Let us consider some simple special cases. Take a single 
tae az=ai2—0. (34) 
A line (w) will be tangent thereto if the corresponding binary 


quadratic form have a double root. We thus get the tangential 
equation of the conic from (25) 
laa’u|* = 0. (35) 

The conic will degenerate, and become two lines if there be 
a point whose polar line is illusory. The condition for this is 
found from (26) laa’a” |? = 0. (36) 
If we have two conics 

A == 0, b2 = 0, 

the envelope of lines meeting them in two harmonically separat- 
ing pairs is found from (27) 


labu|? = 0. (37) 
In the same way the locus of points whence the tangents to 
the two conics w= 3 ane, (38) 
form a harmonic set is [ceBar|2 = 0 (39) 
If these conics be the same as those above 
uz'= |aa'u|* WA = |bb’u|? 
a hee 
loBe| = >| % %|.|Ps Pu] 9 0) |i Oe, 
A; A, | |%j Ly, apg a, |a’bb'| ai, 


Hence our equation is 
|abb’ |2a/2 |a’bb’ |2a2—2|abb’ |. |a’bb’ |a,a;, = 0. 
Or, since a and a’ are the same, 
|a'bb’ |?a2 — |abb’|.|a’bb’ |a,.a;, = 0. (40) 
If we have a cubic curve with no singular point, a line which 
meets it in two coincident points must be tangent. If, thus, the 
equation of the cubic be 
a=a3=ai3 = az? = 0, (41) 
the tangential equation is found from (30) 
jaa’u|?.|a"a!’"u|?. |aa”u|.|a’a’’’u| = 0. (42) 


a rn 
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In the same way, if we have a non-singular quartic 
a4 = g(t = gM = git = q(5)4 = q(64 — 0, (43) 


the envelope of lines meeting it in a harmonic set is 
laVa®u|4 = 0; (44) 
the tangential equation is 
JaPa@u|4. |a®au|*. |aPau |4— 
—6|aMa@u|2, |a®%a@u|2, |a@au|2. |a Van |2. |aAPaw|?, |a Paw |2 
=... (45 =o 
There is one more connexion between binary and ternary : 


forms which must be mentioned. Let us rewrite our previous 
equations of passage 


Xe = EYi t For; a, = Ag ao AyE,+a,£>. 
If (z) be on the rth polar of (y) with regard to a” = 0 
ajay” = 0. 
Now in the binary domain (y) has the coordinates (1,0) and 
its rth polar with regard to At is 
Al ASS wae 


Theorem 23] The rth polar of a point with regard to a curve is 
the locus of its rth polars with regard to binary forms giving groups 
of points cut from the given curve on lines through the given point. 


CHAPTER VI 
PROJECTIVE THEORY OF SINGULAR POINTS 
§ 1. Polar curves and singular points 
Suppose that we have given a curve of the nth order 
J(x1, 5, #3) = ah = 0. (1) 


We find its intersections with the line from (y) to (x) by 
writing 


wi, = EY +b 20;. (2) 
Substituting in the given equation | 
1 n—1 of 1én—2 é i 
ETS (Ys; Yo Ys) +4 a(Z z)+ +3& aD "5 by by, ey; fet 


4£,62- (y z+ £Bf(ary, tg, %)= 0. (33) 


In the tensor notation this becomes 


EBV ter Yoda FE a HE gO atig ht 
OY OY g 


+8003 y+ 28h lytetm) = 0. (34 


In the Clebsch-Aronhold symbolic notation we have the still 
simpler form 


—l 
grat +ep-te,an-ta, + MY") gn-agpan tat tp 


+née3-1a,a2-14+ ea" = 0. (3°) 


We shall call this Joachimsthal’s equation.* 
The various terms equated to 0 give the various polar 


* Cf.Salmon?. I cannot find out the reason for the ascription to Joachims- 
thal. 


— 
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curves of (y). They are covariants. Some are particularly 
important: 


of ie are First polar 
(y z) = Yaa ba, = na, P 


of =e of = n(n—1l azan-2 — 
>, YON gd, = YP Bee, = ( ) yy E 
ye Second polar (4) 


» 4; Sis See kp a = n(n—1)azay-* = 0 
rr Oy OY; oy a Yg Coni 
onic polar 
a 2) = ef Ly = nay a, = 0 Line polar 
oy OY 


The symmetry of the terms at equal distances from the ends, 
which is especially evident in the symbolic form, gives us 

Theorem 1] If (2) lie on the sth polar of (y) with regard to a 
curve of order n, then (y) lies on the (n—s)th polar of (x) with regard 
to the same curve. 

Theorem 2] If the sth polar form of (y) vanish identically, then 
(y) lies on the (n—s)th polar of every point in the plane. 

An examination of the short symbolic form a/asa%—-s gives 

Theorem 3] The tth polar of (y) with regard to ae <) polar of 
(z) as the sth polar of (z) with regard to the rth polar of (y). 

Since a} = asav-s we have 

Theorem 4] A necessary and sufficient condition that a point 
should lie on any one of its polar curves is that it should lie on the 
original curve. 

Theorem 5] The sth polar of a point with regard to its tth polar, 
as ts (s--t)th polar with regard to the original curve. 

Theorem 6] The first polars of the points of a line are linearly 
dependent on two of their number. Their intersections are composed 
of all points with no line polars, and all that have the given line 
as a line polar. 

Let us look more closely at the possibility that one polar or 
another is illusory. Suppose this is the case with the (n—s)th 


ee a a ales 
an—as = at —atokae = 0 At+ptv=s 
N—SqA-1 = 
AY Ay ay aza’s + Asya Satay ta + asy,a"—sarakar-1 — 0 


N—8+17 8-1 — 
Qe eh 0) 
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Theorem 7] Jf the (n—s)th polar of a point with regard to 
a curve of order n be illusory, that point lies on the sth, and every 
previous polar of every point in the plane. 

Let us return to our Joachimsthal equation (3). This will 
have s+-1 roots €, = 0 for all values of (w) when 

a, as = 0 a erigs 1 ss ot, = ay = 0. 

Theorem 8] The necessary and sufficient condition that a point 
should have exactly the multiplicity s+-1 for a curve of order n is 
that its (n—s)th polar should be illusory, but no previous polar. 

Theorem 9] If a point have the multiplicity s+1 with regard 
to a given curve it will have at least, and in general, the multiplicity 
s-+-1—t with regard to a tth polar. 

Suppose (y) has the multiplicity s+1. Joachimsthal’s equa- 
tion will have on s+1 roots é, = 0 if 

Go asi 0, 

Theorem 10] If a curve have a point of multiplicity s+-1 its 
(n—s—1)th polar consists in the tangents at that point, each counted 
but once when the singularity is an ordinary one. This point will 
have the same multiplicity and same tangents for all the previous 
polars. 

Theorem 11] The line polar of a double point is illusory. The 
conic polar of a node is the two tangents, that of a cusp is the 
cuspidal tangent counted twice. 

Theorem 12] The line polar of a non-singular point is the 
tangent, and this line touches all the polars of that point. 

It is evident that there is a polar theory in tangential coordi- 
nates exactly corresponding to that in point coordinates. If we 
have the envelope ul = 0, 
the successive polars of a line (v) are 

Wot == 10) oly Ok a= 0 gay == 0, 

The last of these shall be called its ‘point polar’. The point 
polar of the line at infinity shall be called the ‘tangential centre’. 
If the equation of a typical line be written 

ux+vy+w = 0, 
and an envelope be given which is homogeneous of degree m in 
u, v, w, then the homogeneous Cartesian coordinates of the 


ee 
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tangential centre are proportional to the coefficients of uwn, 
vw"-t, and w”. The tangential centre of a set of finite points 
is their centre of gravity. . 

Returning to point coordinates, suppose that we have a singu- 
lar point (y) of multiplicity r 

ay tart = 0, 

The sth polar of (z) with regard to this is 

) Car =O, 

The tangents to the original curve at (y) are 

ay a, = 0. 

The equation Otc pad? i Sharan 21) 
will give us the tangents to the sth polar of (z) and the sth polar 
of (z) with regard to the tangents at (y) to the original curve. 

Theorem 13] Jf a curve have a singularity of order r, the 
tangents thereat to the sth polar of a point not on one of the tangents 
there to the original curve are identical with the sth polar of that 
point with regard to the tangents to the original curve. 

Theorem 14] Jf a curve have a node, the tangent thereat to the 
first polar of a point, not on one of the nodal tangents, is harmoni- 


cally separated by those tangents from the line from the node to the 
chosen point. - 


§ 2. The effect of singular points 


In the binary domain, the first polar form of the point (1, 0) is 
the partial derivative with respect to the first variable. A binary 
form and one partial derivative cannot have a common root, 
which is not also a root of the other partial derivative, and 
therefore is multiple for the given form. We thus see from 13] 
that if a curve have an ordinary singularity, the first polar of 
@ point not on one of the tangents there will have a multiplicity 
of one less at that point, and share no tangent there with the 
original curve. Thus, if the point have multiplicity r for the 
original curve, the number of intersections with a general first 
polar is, by Ch. IT, theorem 10], r(r—1). 

Theorem 15] J if a curve have an ordinary singular point of 


order r, the number of intersections with q general first polar’. 
absorbed there is r(r—1). 
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Suppose, next, that our curve has a cusp. Let us give this 
the trilinear coordinates (0, 0, 1) and to the cuspidal tangent the 
equation x,=0. To a point in general position we can assign 
the coordinates (0,1,0). The equation of the curve mav be 


itt 
pene F(1, ¥2, Xs) = 1303" + ayxja} 3+... (a, 40). 
The first polar of (0, 1, 0) is 
LGC) irate a's 
Aes Ly Sa 


The two curves are 
0= y?+a,23+... 
O= y+ px? 2qxy-+sy?+... 
We can express the first curve parametrically as in Ch. II 
ge Py ye B... 

If we substitute in the second equation we see there are 
exactly three roots ¢ = 0. 

Theorem 16] The first polar of a point not on a cuspidal tangent 
has exactly three intersections with a given curve at a cusp. 

The last two theorems are of vital importance, as they enable 
us to determine an important number connected with a curve, 
when the latter has only ordinary singular points and cusps. 

Definition. The number of tangents to a curve from a general 
point is defined as the ‘class’ of the curve. It is the order of the 
polar reciprocal. If a point P lie on the tangent at Q, then Q, 
by theorems 1] and 12] is one of the non-singular intersections 
with the first polar of P, and conversely. If, thus, our curve have 
ordinary singular points of orders rj, 7,..., and « cusps, the class 
m is given by r. 

Theorem 17] Jf a curve of order n have only ordinary singular 
points of orders r,,7o,... and x cusps, its class 1s 


m = n(n—1)—> 7,(r7;—1)—k. (5) 


If the branches of a curve through an ordinary singular point 
of order r were pulled apart a short distance, so that each two 
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intersected, the number of nodes created in this way should be 


1) and the reduction in the class as before. From this point 


of view we may look upon each ordinary singular point as a group 
of virtual nodes, if 8 be the total number of nodes, virtual or 
actual, we have another form for the last formula 


m = n(n—1)—26—3k. | (6) 


We get by the principle of duality explained at the end of the 


first section of Chapter II 
n= m(m—1)—27—3u. (7) 


Here 7 means the number of bitangents, actual or virtual. 
These two equations lead us to a very pretty paradox. We 
know that a curve will not ‘in general’ have a double point. 
Hence, ‘in general’, m= n(n—1). 
By similar reasoning ‘in general’ 
n =m (m—1) 
n*?(n—2)=0 
1 


Hence, ‘in general’, a curve is a conic ! 

The explanation is as follows. What do we mean by a curve 
‘in general’? If we mean a polynomial in point coordinates 
about which we do not make the explicit assumption that the 
discriminant vanishes, then such a curve has no singular points. 
But if we mean by a curve ‘in general’ the point locus corre- 
sponding to the general polynomial in tangential coordinates 
about which we do not assume that the discriminant vanishes, 
then this is quite a different sort of general curve. 

Let us next look at the inflexions of a given curve. We return 
to the Joachimsthal equation (3). If (y) be an inflexion, and 
(x) on the inflexional tangent, there are three roots €, = 0 when 
there are two. Hence the conic polar 


N22 
an a2 
includes the line polar = a”-1g, — 9 


as a factor. The conic polar must then, be a pair of lines, so 
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that its discriminant vanishes thus getting by (26) and (36) of 
the last chapter 

laa’a” he ot? Let | Aa = 0. 


This means that (y) lies on the Hessian curve 
lag a aba "aq Mate mat —.(). (8) 


The left-hand side is the Hessian covariant that we found in 
(15) of the last chapter. 

Suppose, conversely, that (y) is a non-singular intersection of 
the curve and its Hessian. The conic polar is a pair of lines, and 
one of them is tangent to the original curve. Hence if the line 
from (y) to (~) have two intersections with the curve at (y) it has 
three, or (y) is an inflexion. 

Theorem 18] The non-singular inflexions of a curve are its 
non-singular intersections with the Hessian. 

It is worth noticing that a curve can have an ordinary singular 
point which absorbs inflexions into itself. Such is the case with 
a lemniscate or figure 8. 

It will be well to deduce a very different proof for 18] so as to 
connect it more closely with the usual idea of an inflexion. 
Since the Hessian is a covariant, we can write it in Cartesian 
coordinates, if we allow differentiation with respect to 1 as 
explained in the first chapter. Its equation then is 


oPeey tae y 
ox? ou0y oxo) 
CAM MAC Lak Cy ae, 0. 
dyoxn Oy? adyal 
eof anc? fee. o2f 
dléx Olay 1? 

Applying Euler’s theorem to the columns and rows, this 
becomes 


arf ef af 
dar? oxoy Ox 
oxdy oy? oy 
of of 
ay eats sa eee 
(m1) (ml) mf 
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Expanding, and disregarding the term with a factor f, as 
this is immaterial when we seek the intersections with f= 0, 


we get 
af (af, OF (Af \'_» Of FF _ 9 
Ca? (Z dy? \ dx OxOoy Ox OY 
On the other hand, at an inflexion, since there is no curvature 
of 
dx\da} ° da of 
oy 


st df 

d (of\ @f af y) _ dxdy Oa 
az (es) ease tr eee 
oy 

Of of ef of 


d (2)- of 7 (#)— Ouby Oy  dy* ex 


da\ey) eady ' dy?\dx of 
ey 
of (of seed (|g ee 
d Z)--= dy) " ay? \ex dxdy Oa by 
7 


(a) 


We must now face the serious task of ascertaining how the 
Hessian behaves at a singular point. Let us imagine that this 
point is at the origin, and put x — £1, y= &,, then arrange the 
given polynomial in terms of ascending powers of (€). We thus 


get a set of homogeneous binary forms of increasing order, so 
that our equation becomes 


0= Lye LS et : 
The tangents at the origin are given by 
a, = 0. 
The Hessian of this binary form is 


laa’ Pazar? = (0), 
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The lowest terms of the ternary Hessian are 
r(r—1)a? r(r—l)aya, (n—r)ra,a, 
r(r—l1)aga, r(r—1)ay? = (n—r)rajai, a. Fat Pat, 
(n—r)rajay (n—r)rasay (n—r)(n—r— Ijaz? 
The cofactor of (n—r)(n—r—1)az? is 


Aji Axl eit aus) laa’ |?. 


r(r—1)? 
( ) aa, ay? 


The remainder of the determinant is 
Ka,a,[|a’a" |ag— jaa" az] = 4K |aa’ Paes 
by (19) of the last chapter. The lowest terms of the Hessian are 
L\aa’ [Pa a” an". 
Theorem 19] Jf a curve have an ordinary singular point, the 
tangents to the Hessian at that point are the tangents to the original 
curve, and the Hessian of the binary form giving those tangents. 


If the two curves had different tangents at that point the 
number of intersections would be 

r(3r—4). 

They must, however, owing to the tangency, have at least 
one more intersection on each branch. If there were auto- 
matically still more intersections at that point, which we may 
suppose to be the origin, there would be more when the degree 
of the given curve was only r-+1. Since the tangents are given 
by an irreducible curve, if one branch of the curve had a higher 
contact with the Hessian, so would each branch and the number 
of intersections at the origin would be 3r?—2r and the number 
away from there 2,—3. But if we take the simple curve 

a, + Afi =0 
the Hessian will have the form 
laa’ |?a z UAE se BE‘ |aa’ |a g Pa,’ Pa" = 
and it is not hard to show that the different branches do not 
_ have higher contacts with the Hessian than desired. 

Theorem 20] Jf a curve have an ordinary singular point of 

order r, the number of intersections with the Hessian that are 


absorbed there is 3r(r—1). 
3781 H 
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When the point is a node, the number is 6, and this shows that 
an ordinary singular point absorbs just as many intersections 
with the Hessian as if it were divided into virtual nodes as 
before. 

There remains the case of a cusp. We write our curve 

0 = —y?+ax3+ 3ba*y+ 3cxy?+dyi+.... 

This may be written as before 


1 1 
=_7f24+.,,, = _84..., 
osc “- toate oe 


A short calculation gives the lowest terms in the Hessian 
O = ty*(ax-+-by)-+.... 

Substituting we get 8 roots t= 0. . 
Theorem 21] A curve will meet tis Hessian 8 times at a cusp. 
If « be the number of inflexions, § and 7 the nodes and 

bitangent, actual or virtual respectively, we get from 20 and 21 

t= 3n(n—2)—3) 1,(r,—1)—2k (9) 
u= 3n(n—2)—65—8x (10) 
k = 3m(m—2)—67r—8&. (11) 


CHAPTER VII 
PLUCKER’S EQUATIONS AND KLEIN’S EQUATION 


§ 1. Forms of Pliicker’s equations 


In the last chapter we developed certain fundamental equations 
connecting the number of point and line singularities of curve 
whose worst singularities are ordinary point and line ones, cusps 
and inflexions. These are called Pliicker’s equations.* Their 
importance cannot be overestimated. 

Let the order of a curve be n. 

Let the class be m. 

Let the number of actual or virtual nodes be 5. 

Let the number of actual or virtual bitangents be r. 

Let the number of cusps be x. 

Let the number of inflexions be c. 

The equations of the last chapter are, then, 

m=n(n—1)—26—3x = (1) n=m(m—1)—27—3 (1) 

= 3n(n—2)—65—8x (2) Kk = 38m(m—2)—6r—8.  (2’) 

Adding (1) and (1’) and transposing, we get 

n?—2n-+-m?—2m—2(8+7)—3(t-+k) = 0. 

Adding (2) and (2’), transposing and dividing by 3, we get 
the same result. This shows that only three of the equations 
are linearly independent. It is well, in practice, to keep the 
equations in symmetrical pairs, or to reduce to forms which are 
symmetrical in point and line characteristics. The six numbers 
and a seventh to be deduced presently are called the ‘Pliicker 
characteristics’ of the curve. It should be noted that they do 
not by any means classify a curve completely under the pro- 
jective group of transformations. There are irreducible curves 
of the fifth order with six nodes, as we shall see later. Such 
curves have the same Pliicker characteristics as those composed 
of a conic and a cubic, but are, obviously, very different. If we 
restrict ourselves to irreducible curves, then the Pliicker charac- 
teristics give a good classification, as it can be proved that the 
totality of curves of a given order which are irreducible and 


* For an historical account, see Berzolari', p. 343. 
H 2 


ae 
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have a given number of nodes form a single irreducible con- 
tinuum in higher space.* 
Let us return to our equations. We get from (2) and (2’) 
3n2— 6n—6(5-+-«)—K = 3m2—6m—6(r-+1)—t. 
From (1) and (1’) 
n?—2(6-+«)—K = m*—2(7-+1)—1. 
Subtracting and dividing by 2, 
n?— 3n—2(6+K) = m?—3m—2(7r-+t) 

a) 644) = SO) _G yep. (3) 
This last characteristic, p, is called the ‘genus’ and is for many 
purposes the most important of all. We shall see, much later 
in our work, that whereas the other characteristics are invariant 
under all linear transformations of the plane, p has the funda- 
mental property of being unaltered by every transformation of 
the curve which is one to one and algebraic. We have already 
seen in Ch. IV, theorem 12, that it is one less than the maxi- 
mum number of real circuits possible for the given curve, when 
all the singular points are supposed real. From (1) and (1’) 

2(7—8) = m*—n?—3(i—k), 
6(7—8) = 3(m?—n?)—9(tc—k). 

From (1) and (1’), (2) and (2’) eliminating 5-+-7, 


t—k = 3(m—N), (4) 

2(r—8) = (m—n)(m-+n—9). TSS 
If m=n, then wt=k, t= 0. 
iw then m=n, To 0, 
TE Sa either m =n, me, 


or m+n = 9. 
We have the following cases under the last hypothesis: 
N= 3 m=6 t=K= 7 == 0 == 6, 
n=4 Mm =D ly A Pet Ket ‘= 
n= m=4 Ose 2e im Se K=4 t=!) 
n= 6 m= 3 C=7 == 0 K=O: 


* Cf. Severi-Léffler, Appendix. 
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We thus get a pretty theorem due to Bioche.* 

Theorem 1] Jf two complementary Pliicker characteristics be 
equal, then each characteristic is equal to its complement, except 
in four cases where the sum of the order and class is 9. 

Let us seek an expression for 7 in terms of the point charac- 
teristics alone. We easily find from (5) 


2r = (n®@—2n—25—3x)(n?—25—3x«—9)-+-28. 
Let us now make an apparently arbitrary change of notation. 
x’ = x(u—1)—2y— 382 L = x’ (x' —1)—2y’— 32’, 
2y' = (a*—2x—2y—3z)(a®—2y—3z—9)+ 2y 
2y = (x'®— Que’ — 2y' —32z")(a'?— 2y’ —3z' —9)+2y’, 
2’ = 3a(a—2)— 6by— 82 2 = 3u'(x’—2)—6y’— 82’. 

If we introduce homogeneous space coordinates x: y:2z:t we get 

px’ = P[x(x—t)—2yt— zt], 

py’ = £(x*—2xt—2yt—32t)(x2— 2yt—3zt—9t?)-+- yf, 

pz’ = [3x(x— 2t) —6byt— 8zt], 

Ob ==47. 

px = U*[x' (x —t’)—2y't’ —32't’], 

py = 4a? —22't —2y'l' —32't' [a2 2y'l’ — 82't’ — 9t’2] +-y't’. 

p'2 = t' [8a (a’ —2t’)—6y't’ —82't’], 

pt=#t4, 

We have here, if we interpret v:y:z:t as homogeneous Car- 
tesian coordinates in projective space of three dimensions, a 
transformation which is involutory, i.e. the same as its inverse, 
algebraic, and one to one. A plane is transformed into a surface 
of the fourth order linearly dependent on four such surfaces. 
There is thus a three-parameter family of these surfaces. There 


is a two-parameter sub-system of reducible surfaces which 
correspond to planes parallel to the y-axis, namely, 


t{r(a?—at— 2yt—3z2t) + p(3x?— bat— byt—82t)+-vt?} = 0. 
Tf we take A+ 3u = 0'we get 
[u(—3x-+z)+rt] = 0, 
and this is the plane at infinity counted three times and a pencil 


* Bioche, p. 68. 
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of parallel planes. They correspond to curves the number of 
whose cusps exceeds three times their orders by some constant. 
he quadie 3x(x—2)—6yt—8zt — 0, 

which corresponds to curves with no inflexions, is a cone with 
its vertex at (0, 4, —3, 0), a cylinder parallel to the plane « = 0.* 


§ 2. Existence conditions 

Tf a curve exist with only the sort of point and line singularities 
that we have considered, its Pliicker characteristics satisfy our 
equations (1), (1’), (2), and (2’). An important question, to 


which, so far, no complete answer has been found, is the fol- © 


lowing. Given a system of positive integers or 0’s n, m, 6, kK, T, t 
where mn 4 0 which satisfy Pliicker’s equations, is there always 
a curve having these numbers as Pliicker characteristics ? We 
shall prove shortly that this is not always the case; unfor- 
tunately all we can do is to prove the non-existence of curves 
to fit some sets of characteristics, without surely knowing 
which. 

Suppose that we have three linearly independent polynomials 
of degree n in an auxiliary variable X, 

pt, = f,(X) pt, = f2(X) pt3=f3(X). 

Let us further suppose that a single point (x) of the plane 
curve so determined will not, usually, correspond to two distinct 
values of X. What will be the order of the plane curve? If 
we write 

(wx) = uy fi(X)+-Upfo(X)+usfs(X) = 0, 
we get n different roots X and so n points of the plane curve, 
its order is n. We shall call such a curve a ‘rational’ one. In 
non-homogeneous coordinates we should express x and y as 
rational functions of the auxiliary parameter. 

Has our rational curve any nodes? In order to have a node, 
we must have 

F(X) _ f(X) _ falX) 
AY) fl¥) fa(¥)’ 

AMAM—-POAY)=0, — fi(X)fs(V)—fe(X)fi(Y) = 0. 

Each of these polynomials is divisible by (X—Y). The 
quotient will, in each case, give us a curve of order 2(n—1). 

* Cf. Kantor’, pp. 769 ff, 
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with a point of order n—1 at the end of each axis. The number 
of finite intersections will be 
4(n—1)?— 2(n—1)? = 2(n—1)?. 

From these we must deduct the sets of intersections of the lines 
fi (X) = 0, f,(Y) = 0, X # Y, which are n?—n in number, leaving 
(n—1)(n—2). 

These points appear in pairs, symmetrical with regard to the 
line X = Y. Each pair will correspond to a node. The number 


(n—1)(n—2) 
2 


of nodes will thus, ‘in general’, be . The curve will 


not, usually, have any cusp. If it had a cusp corresponding to 
the parameter value Xj, each line through that point would 
meet the curve twice there, which involves 


fi(Xo) _ fa(Xo) _ f3(Xo) 
fi(Xo)  fa(Xo) fa Xo)” 

These equations have not, in general, any common solution, 
as we can see in a special case, and apply the reasoning explained 
in the first chapter. As a matter of fact, we shall see in a sub- 
sequent chapter that when such curves have cusps, the number 
of nodes is reduced accordingly. 

Theorem 2] A rational curve of order n has, ‘in general’, 
(n—1)(n—2) 

2 i 

Suppose, conversely, that we have a curve of order n with 
multiple points of orders r,, 7. which are ordinary or cusps, and 
where 


nodes. 


r(ri—1)_ (n—1)(n—2) a 
Let us try to construct an adjoint curve of order n—2 which 
passes through n—3 ordinary points of the curve. The number 

of conditions imposed is not greater than 

A pees ae 1 
SED 9) NON Ty 

2 2 
so that we have at least one degree of freedom. If the given 
curve be irreducible and so do not include this adjoint as a part 
of itself, there is exactly one variable intersection. The number 
of degrees of freedom could not exceed the number of variable 
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intersections, for if there were more freedom we could fix too 
many arbitrary points, and make the given curve ‘swallow’ the 
adjoint, which is not possible when the former is irreducible. 
Moreover, the conditions imposed on the adjoints are all linear, 
hence these form a system of the form 

o+Xp = 0. 

Combining this with the equation of the given curve, only 
one intersection will depend on X, so that x and y will be 
rational functions of X ; we have a rational curve. 

Theorem 3] A curve of genus 0 1s always rational. 

Let us next notice that a polynomial of order 7 in one variable 
depends upon +1 coefficients, including the constants. The 
three polynomials f(X) together, allowing for homogeneity, 
depend on 3(n-++1)—1 parameters. Moreover, each such curve 
is carried into itself by the three-parameter system of trans- 
formations 

x eX +8 
yX' +8" 
so that the number of degrees of freedom cannot exceed 3n—1. 

Now let us look at the matter otherwise. If we require a curve 
to have a multiplicity two or more at a particular point, we 
impose three conditions. If we require it to have one double 
point, and then require that double point to be at a particular 
spot, we impose one plus two conditions. Hence but one con- 
dition is imposed by requiring it to have a double point. The 
number of conditions imposed by a double points 


(n—1)(n—2) 
2 


will, thus, not exceed , and the amount of freedom 


of a rational curve will not be less than 3n—1. Comparing these 
two calculations, we see that the amount of freedom must be 
exactly this, and each double point must have imposed one 
condition. This gives 

Lefschetz’s Theorem 4] Each double point assigned to an 
irreducible curve whose genus is not negative imposes exactly one 
condition.* 

Suppose that we have a continuous system of curves of given . 


* Lefschetz, pp. 23 ff. 
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order and genus, the general curve being irreducible with a 
certain number of cusps. Suppose that a particular curve is 
reducible, we may find an irreducible curve infinitely near to 
this. The Riemann surface of the irreducible curve hangs to- 
gether in one piece: we may find a single path away from all 
branch points going from any one point of the surface to any 
other. In the case of the reducible curve this is not possible. 
Take a path of the irreducible curve which connects two points 
which pass continuously into two points of different factors of 
the reducible curve. This path by a slight deformation goes 
into a path through a critical point. Now if the branch points 
of the irreducible curve were at finite distances from one 
another, we could take a path from any point to any other 
which remained at a finite distance from each branch and 
critical point, and so by a slight deformation could not go into 
a path through a critical point. Hence, in the irreducible curve 
two branch points must be infinitely near. Hence, in the passage 
to the limit two branch points must coalesce. Now whether 
these come from vertical tangents, or cusps, when two come 
together we get a limiting case of either a new singularity or 
a more complicated singularity. This gives an interesting 
theorem, which I believe is due to Bertini, though I cannot 
verify the fact. 

Theorem 5] Jf a continuous system of algebraic curves of 
assigned order be given, and if the general curve be irreducible of 
given genus and given number of cusps, then if a particular curve 
of the system become reducible, it will have more, or more com- 
plicated, singularities than the general curve.* 

As an example of this, we see that if we have a system of 
rational quintic curves with six double points, a particular curve 
cannot become a conic and a cubic; it might become a rational 
quartic and a line. 

Let us next look at the cuspidal conditions. Let us start with 
a curve of order n, a rational curve, with an ordinary singularity 
of multiplicity n—1 at the origin O. Let A be another point of 
the curve. We pass a non-degenerate quadric surface through 
O and A, not tangent to the plane of the curve, and call V an 


* Cf. Severi-Loffler, p. 319. There is a long algebraic discussion of this and 
kindred questions. 


ad 
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intersection of a generator through O with one through A. If 
we project the plane curve on the quadric from V we get a space 
curve of order n, for it will meet VA once, and VO n—i times. 
This space curve is rationally connected with the plane curve, 
and so rational. We project it back into a plane curve of order 
n from a point not on the quadric, not on a tangent to the space 
curve, nor on a line connecting two points of that curve with 
coplanar tangents. We get a rational plane curve of order n 
with no singularity but a node, or one with just one cusp, if the 
new centre of projection be on one tangent. Just one condition 
is hereby imposed. We may thus find a rational curve of any .° 
order with no cusp, or just one cusp; hence, by the principle of 
duality, or by polar reciprocation in a conic, we may find a plane 
curve of any class with no inflexion or with just one inflexion. 
If a curve of genus 0 have no inflexion its order is 


(m—1)(m—2) _ 
5 ee 


n= m(m—1)—2 2(m—1). 


If it have just one inflexion, the order becomes 
n= 2m—3. 

We may thus have a rational curve of any even order with 
no inflexion, or any odd order with just one. 

Suppose next that we had a curve of any chosen order and 
positive genus with a certain number of double points. Suppose 
that some of these were automatically compelled to be cusps. 
The same would hold if that curve had additional double points, 
enough to have genus 0. But in the latter case we are not com- 
pelled to have any cusps, or we may have just one. Hence, in 
the original case we may have no cusps, or just one. The same 
will hold for the inflexions of a curve of given class. 

Suppose that a curve of class m have no inflexions. Since 


ea (m—1)(m—2)—2p > 0, 
2(m—1) > 1+8p+1. 
If m be compatible with the genus p, this relation must hold; 


conversely, Pliicker’s characteristics can be found with .—0 
and m and p connected by this relation. But 


n+ = 2(m—1)+2p (c20). 
Hence n> 2p+1+v8p+1, (6) 
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and » can have any value for p given, and 1 = 0 that satisfies 
this relation. In the same way we have, when .= 1, 


n > 2p+8p-+9. 5 ar) 
We have, moreover, from equations (2) and (2’), 
= 3[(n—2)+2p]— 2 
«= [(n—2) + 2p]—he, 


so that when n and » are given, the maximum number of cusps 
is obtained when : is 0 or 1. If, then, » and be connected 
by the suitable relation (2) or (2’), there will actually exist a 
curve of that order and positive genus with the maximum per- 
missible number of cusps. 

Will there exist curves of this order and genus with a lesser 
number of cusps? Let us start with assigned values for n and 
p, compatible with (6) or (6’), and assume that all the double 
points, or all but one, are nodes. Such curves, we have seen, 
exist. The number of free parameters, by Lefschetz’s theorem, 
is exactly 


n(n+3) 
2 


—d = 3n+(p—1), or a —d—2 = 38n+p—2. 


Suppose next that we require one double point (x,y) to 
become a cusp, by writing 
orf ie orf y= 


622 Oy2 \dx Oy) 


? 


then a second, and so on until we reach the requisite maxi- 
mum number of cusps. None of these cuspidal conditions could 
automatically introduce new nodes, for if one did, we should 
depress the genus, which need not happen, for we have seen that 
a curve does exist of just this order and genus with the maxi- 
mum number of cusps. It might conceivably happen, however, 
that at some stage when we wished to change one node to a 
cusp, we automatically changed several at once, then when all 
the cusps were reached, we should have more freedom than we 
should expect, i.e. the freedom would be greater than 
n(n+8) 


ALS — (6+ 2x) = 38n+(p—1)—k. 


Tots 
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But, by (4), t—K = 3(m—N), 


3n-+(p—1)—« = 8m+(p—1)—4 


and we have just seen, by Lefschetz’s theorem, that when 1 = 0 
or 1 = 1 the right-hand side represents the exact freedom. That 
being so, the cuspidal conditions must have been independent, 
and the cusps come in one at a time. 
‘Theorem 6] Given the order n of a curve, and the genus 7p, 


subject to the restriction that when n is even n > 2p+1+8p+1 


and when odd n> 2p+~8p-+q, then there will exist irreducible . 


curves of this order and genus with any desired number of cusps 
up to the maximum permissible, and each node will deduct one 
from the total freedom of the curve, each cusp two.* 

We shall, towards the end of the present work, find a means 
by the theory of linear series of point-groups on a curve, to 
extend this theorem to a certain extent, though no one can say 
to-day in every case just what are the necessary and sufficient 
conditions that an apparently proper set of solutions of Pliicker’s 
equations should correspond to actual curves. The fact that 
there exist sets which do not so correspond is easily established 
in the following fashion. Here is, apparently, a perfectly good 
set of solutions: 


n=m=14 8=7=0 K=1=56 p=22. 


Tf this curve does not exist, our statement is justified. If it 
does, it must have at least eight degrees of freedom, for the 
collineation group in the plane which carries such a curve into 
another such depends on eight parameters, and the curve is not 
carried into itself by any one-parameter group of collineations. 
For if it were, there would be an infinite number of collineations 
leaving all the cusps in place, hence an infinite number leaving 
in place every line through each cusp, which is absurd. On the 
other hand, a curve of order 14 with 56 double points has 
14X17 

2 
at a time, the amount of freedom of the present curve would 
be 683—56 = 7, 


— 56 = 63 degrees of freedom. If the cusps came in one 


* Cf. Coolidge’, p. 452. 
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We leave to the reader the easy task of proving in the same 
way 

For every value of n above 13 there exist solutions of Plicker’s 
equations which do not correspond to any curve. 

It is evident that there must be many further restrictions 
when we allow singular points of order above two. A triple 
point is equivalent to three nodes in determining the other 
Pliicker characteristics, but whereas an irreducible curve of the 
fifth order can perfectly well have six nodes, it cannot have 
two triple points; the line connecting them would meet it too 
often. 


§ 3. Klein’s equation 

Pliicker’s equations are reached by purely algebraic means, and 
do not involve any question as to the reality of the curves or 
the singularities. It is evident that in dealing with real curves 
an important question is, what real point and line singularities 
are permissible? Are there any equations connecting the number 
of these ? 

As a preliminary investigation, let us see what is the effect of 
sliding a real curve an infinitesimal pure-imaginary distance in 
areal direction,xz. Let the equation of the curve, whose only real 
singularities are nodes, cusps, bitangents, and inflexions, be 


F(a, y) = 9. (7) 
The equation in the new position will be 
f(a+et,y) = 0. (8) 
Has this new curve any real points ? They lie also on 
f(u—et, y) = 0, 


and so on the following two real curves: 
; : mee 
p(x, y) = aLf(z+et, y)+f(e—et, y)] = f(x, y) —5 as +..= 0, 


<3 98 
h(x, y) = 5 lfle-tei, y)—f(x—e, y)] = fee ee +...=0. 


(9) 


They are, therefore, extremely near to points on the original 
curve where the tangent takes the direction of sliding, or which 


are singular. 
At this point we must stop and make one or two remarks 
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about a question of procedure. In the present investigation we 
shall feel free to use the somewhat archaic apparatus of oblique 
Cartesian coordinates, where a point is located by its distance 
from each of two intersecting but not necessarily mutually 
perpendicular lines, measured in a direction parallel to the 
other line. Projective properties of curves receive the same 
statement in these coordinates and in rectangular ones, as well 
as relations to the line at infinity which do not involve distances 
or angles. We shall use the usual (x, y) notation for these. We 
shall also feel free to change coordinates of this sort as often as 


the fancy take us. We seek those cases where the curve (8) . ’ 


has a real point near the origin, that being suitably located on 
(7). Lastly, we see that if all real points near the origin on f lie 
close also to points of a simpler curve f’, we may substitute for 
¢ and ys corresponding simpler curves ¢’ and %’ and count their 
real intersections near by. 

Suppose, first, that our curve has a horizontal tangent at the 
origin end of the x-axis 


f=ytax?-+... f =ytaz2, 

f= y+a(a?2—e?) ob’ = 2an, 
there is clearly one intersection of ¢’ and #’, and so of ¢ and pb, 
near the origin. 

Suppose, secondly, there is a node at the origin. We choose 
our oblique axes so as to divide the nodal tangents harmonically, 
getting f=y tax... f =y+az?, 

? =y?+a(x?—e?) pb’ = 2an. 
When a <0, i.e. when the node has real tangents, there are no 
real intersections near the origin, but when a > 0, i.e. when the 
tangents a reconjugate imaginary and we have a so-called ‘con- 
jugate point’, we have two real intersections close to (0, teva). 

Suppose, thirdly, we have a cusp whose cuspidal tangent does 
not lie in the direction of sliding, 

f=2?+ay?+... f =2+ay, 
fp = —F+2721ay3 


p 
we have one intersection close to (0, a =|. 
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Let 5; be the number of real nodes with real tangents, 6, that 
of real conjugate points as described above, 7’, that of real bi- 
tangents with real contact, 7; that of real conjugate bitangents, 
i.e. with contact at pairs of conjugate imaginary paths of points, 
x’ the number of real cusps, and ¢’ that of real inflexions; then, 
if N be the number of finite points with real horizontal tangents, 
the number of points sought is 


N+283+k’. 
We return to our curve (8) and see how many real tangents 
it has. To begin with we have N real horizontal tangents found 
above. Let us show that there are no other real non-singular 


tangents. 
Let the equation of a non-horizontal line be 


x= uy--v. 

The sliding of the plane will have the effect of changing v to 
v—et, and this will change the tangential equation of the curve 
from O(u,v)=0 to O(u,v—et)=0. The new curve, by our 
previous reasoning, has only real non-singular tangents where 
2 = 0, i.e. at infinite points, and has only real singular tangents 
which come from the real inflexional or conjugate tangents of 
the original curve. The number of real tangents of (8) is 


N+275-+0’. 
The difference between the number of real points and real 
tangents to (8) is Cf en ten: 


It is our next task, and a difficult one, to show that this 
number can be calculated in terms of our Pliicker character- 
istics. Let us project the curve (8) vertically on the plane 
z—1, the Cartesian coordinates in space not necessarily being 
rectangular. We shall also project the curve f(x—e«t, y) = 0 on 
the plane z= —i. We have two conjugate imaginary plane 
curves in two conjugate imaginary planes. If we connect a real 
infinite point with them we get two conjugate imaginary 
cylinders, whose intersections are either real lines or pairs of 
conjugate imaginary ones. The common tangent planes to the 
two are either real, or conjugate imaginary in pairs. When the 


os. ~ @ _ ee 
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projecting point is the end of the z-axis, the difference between 
the number of real lines and real planes is 2(5;—73)-++«’—v’; let 
us show that it has this value in every case, and then calculate 
it in other terms when the infinite point is skilfully chosen. 
The real lines of the cylinder are the generators through its 
infinite vertex which belong to the two (real)-parameter system 
of lines connecting conjugate imaginary points in the two con- 
jugate imaginary planes z=7 and z= —7. This number will only 
change when two lines of the family fall together, i.e. when the 
infinite point crosses the infinite trace of the developable deter- 


mined by conjugate imaginary points in the two planes whose 


tangents are coplanar, and so parallel. The real planes through 
a point P tangent to the two curves are tangent to this develop- 
able, and their number will only change when P crosses the sur- 
face, or crosses a singular tangent plane to the developable. As 
a matter of fact, in this case the number will not alter. We see 
it in this way. Consider the dual problem, when the developable 
becomes a space curve. If a moving plane which passes across 
a double point of this space curve lose or gain two real inter- 
sections, the double point must be a cusp. But if for one 
particular way of crossing no real intersections are lost or gained, 
then this is not a cusp, and two are never lost. In the same 
way, if there be one way for an infinite point P to cross a 
singular tangent plane without changing the number of real 
tangent planes through it, the same will hold for all passages. 
We have merely to assume that no singular tangent plane is 
horizontal, which must be the case, considering how the surface 
is generated, and let P move along the infinite line common to 
the planes z= const. The number of real planes here is always 
m, the class of the curve; we have merely to draw from P, 
which lies in the plane of both curves, tangents to one, and the 
conjugate imaginary tangents to the other. 

It remains to be seen how the number of real lines and planes 
changes as the infinite point moves across the developable. We 
take a generator of the developable, which connects conjugate 
imaginary points in the planes z=7, z= —i, with parallel 
tangents, as the z-axis, the z-axis shall take the direction of 


these tangents, while the point P shall subsequently move- 


slightly in the y direction. Projecting the conjugate imaginary 
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curves from the end of the z-axis on the (x,y) plane, we get 
the curves 
Y = (Po+9ot)a? +... Y = (P2—at +... 
If P move a small distance in the y direction, we get 
Y+00 = (pot get)a?+... — Y— 84 = (Po—nt)a? +... 
Any real intersections of these curves will be common to 
Y = pot*--... 8 = qov?-+.... 
These will have two real intersections near the origin if 5g, > 0. 
Now for tangent planes through P or tangent lines to the 
complex projected curves. The equation of the tangent at (7p, yo) 
tO Yo +8t = (Po+qot)ax2+... is 
Yt8i—(p2+st)ap— 


ue hg ; ss 
L—Wy (Po+Qot)Xy+ 

y+80 = [2(potGot)ao t+... ]&@—[(potG2t)a5+-..-]- 
Calling this y+ot = ux+, 

U = 2Po+Qot)Xot+... V = —(PotQet)xGj—... 

1 
= PL. 
4(Do+et) 
For a real line, wu and v—®S: are real. 
H 0=—Sd ERA re 
me z 4(p3 +93) 


and there will be two roots close to O if 5g, > 0. This shows that 
if P cross the developable so as to lose two real lines, it will 
lose two real planes at the same time, and conversely, which is 
another way of saying that 
2(83—75) tk’ —U 
is a constant. But when P is on the infinite line common to 
the planes z=7, z= —i, the line at infinity counted n times, 
where n is the order of the curve, gives the real lines, and the 
m tangents to one curve, and the conjugate imaginary tangents 
to the other, give the real planes. We thus get 
2(8,—7)) +e’ =n—M, 
and so, finally, m+2Qr5te = m+285--K’. (10) 


This is called Klein’s equation. 
3781 I 


a ae 
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Klein’s Theorem 7] Jf a real curve have no singularities but 
nodes and cusps, bitangents and inflexions, the order, plus twice 
the number of conjugate tangents plus the number of real inflexions, 
is equal to the class, plus twice the number of real conjugate points 
plus the number of real cusps.* 

Certain very simple corollaries flow from this. If our curve 
have no cusps, or real conjugate points, we have from (4) and (10) 
m—n =v +275 
3(m—n) = 3c’ +675 

3(m—n) =. 

Theorem 8] Jf a real curve have no cusps, and no real conjugate 
points, not more than one-third of the inflexions can be real. 

Suppose that there are 7” pairs of conjugate imaginary in- 
flexions, and x” pairs of conjugate imaginary cusps, and suppose 
that 63 = 7}. 
3(m—n) = t—k = 3(t'—k’) 
ee 120” K=K +2k” 

eT — pe at Pec ict 
i — Hee, 

Theorem 9] Jf a real curve have the same number of real con- 
jugate points and real conjugate tangents, and no singularities but 
cusps and nodes, inflexions and bitangents, then the difference 
between the number of pairs of conjugate imaginary cusps and the 
number of real cusps is equal to the same difference for inflexions. 

As a final topic for the present chapter, let us see whether 
there be any other equations, independent of those already 
shown, which always connect the real Pliicker characteristics. 
We make a large list of these: 


n = The order of the curve. m = Class of curve. 

n’ = The apparent order. m' = Apparent class. 

c’ = The number of real cir- c’ = Number of real circuits. 
cuits. 

6 = Number of nodes. i= of bitangents. 


is yy of cusps. ees .. of inflexions. 


* Cf. Klein’. The proof is taken from Juel, the only rigorous proof yet 
published. 
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6; = Number of real nodes with +;,—Number of real bitan- 


real tangents. gents with real points 
of contact. 
5, = Number of real conjugate 7;—= Number of real conju- 
points. gate tangents. 
«’ = Number of real cusps. v’ = Number of real inflex- 
ions, 


Suppose that some polynomial involving some or all of these 
characteristics is identically 0 for every curve. We may assume 
it to be self-dual, for, if not, the dual polynomial will vanish, 
and the sum will be self-dual. Let us use Pliicker’s equations 
to eliminate m, 7, and 1, and Klein’s to eliminate 7}, and thus get 


F(n,n',m’,c',8, 1,0’, «’,84,75,85) = 0. (11) 


Let us assume that the highest power to which any one argu- 
ment appears is NV. We proceed to show that each of the 
arguments in turn may be given more than N values, without 
altering the values of such of the other arguments as may still 
be in the equation; hence we show that one argument after 
another is not there, and so, finally, there is no polynomial at all. 

The equation of the curve we are going to study shall take 
the bizarre form 

F(a, y)b(a, y) + €1?(x—a) h(a, y) = 9. (12) 

The curious factor 1° is introduced to indicate that the degree 
of % is at least 6 less than that of f¢, hence the form of the 
curve at infinity is determined by the first part. ¢ and ¢& are 
supposed to be real definite forms, i.e. real polynomials whose 
signs are the same for all values of the variables. « is supposed 
to be a real infinitesimal, so that in appearance the curve differs 
as little as we please from the real curve f, whose form we shall 
prescribe with minute care. As a preliminary we shall prove 
a proposition which will be of utmost importance to us at 
various times in the present work. 

Bertini’s Theorem 10] The general curve of a system linearly 
dependent on a certain number of given irreducible curves will not 
have a singular point which is not fixed for all the curves of the 


system.* 
* Bertini‘. 
I 2 


ee 
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This theorem is certainly true if we can prove it for a set 

linearly dependent on two given curves. Write this set 

R(x, y)+2 S(x,y) = 0. ; 

This may be interpreted as a surface of order n+1 in three- 
dimensional space, the end of the z-axis being a multiple point 
of order n since every line through it has but one finite inter- 
section with the surface. If for every value of z there were a 
moving singularity, then either every horizontal plane would 
have to be tangent to the surface, or there would be a curve of 
singular points. If every point on a line lies on a surface, all the 
tangent planes pass through that line, so, dually, if every hori- 
zontal plane were tangent to a surface, the point of contact 
would lie in the infinite line in these planes, a case we may 
exclude at once. But if the surface had a curve of singular 
points, a vertical line through a point of that curve would meet 
the surface too often or be swallowed therein. If there were an 
infinite number of these lines the surface would be a vertical 
cylinder, and z would not appear. But if there were a finite 
number, the singular points would correspond to fixed values 
for x and y. 

The immediate consequence which we draw from this vitally 
important theorem is that the singular points of our curve (12) 
are known for the general e. 

We shall assume that the compound curve f¢ has no singular 
points which are singular for , so that the only singularities 
we need bother about are those which lie on the line 


x—a=0, (13) 
or on the line at infinity. 
It remains to describe the curve 


seoaih 


This shall consist in 

A) Pairs of conjugate imaginary straight lines which meet 
either on (13) or on the line at infinity. 

B) Quartic ovals of the three following types: 

1) Convex ovals. We get such curves from equations like 


2 2 
(at h—})@+y+1+8=0, 
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where 6 is a real infinitesimal. This curve looks exactly like an 
ellipse and has no real inflexions. Some of these shall intersect 
in pairs on (13). 

2) Lima-bean ovals. These have each a real bitangent and 
a pair of real inflexions. We get such a curve by a small change 
in the equation of a cardioid. 

3) Crescent loops. Each of these has a real cusp at each horn, 
and one real inflexion near each horn. We construct such a 
curve in the following fashion. Start with the curve 


(xy+x+y)?—ay+s' = 0, 
where 6’ is a real infinitesimal. We have a real cusp at the end 
of each axis, but no other real singularity. The line x+y = 8’—} 
is a conjugate tangent. By Pliicker’s equation (5), 


2(7r—8) = (m—n)(m+n—q) = 2, 
o=0 Gp a= 


Our conjugate tangent is the only double tangent, and so, by 
Klein’s equation, there are two real inflexions. By projecting 
to infinity a line near the conjugate tangent we get a similar 
curve in the finite part of the plane, and we may make this as 
small as we please. 

Let us see now on what will each of the arguments in (11) 
depend. 

c’, This is the total number of real circuits. It can be altered at 
will by replacing stray ovals, not in the nest nor intersecting in 
pairs, by self-conjugate imaginary ovals such as x4+-y?+1= 0. 
Hence c’ can be given more than N values, and so cannot appear 
in the equation. 

§;. This depends on the number of circuits that intersect in 
pairs on (13) and can be altered at will by pulling such circuits: 
about. Hence it cannot occur in the equation. 7; can be altered 
by nesting and un-nesting, and so cannot come in. 

n', the apparent order, i.e. the maximum number of real inter- 
sections with any line. This may be made to depend on the 
number of real intersections with (13) and may be changed at 
will, for instance, by transferring conjugate points from (13) 
to the line at infinity. Hence n’ does not enter. m’ can be 
altered by replacing convex ovals by imaginary loops. 
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x’. This depends on the number of crescent circuits. If a 
crescent circuit be replaced by a Lima-bean, taking care not to 
alter relations to the line (13), and if the lost real cusps be 
replaced by pairs of conjugate imaginary ones on the line at 
infinity, no argument has been changed but «’, and this was 
changed at will. Hence x’ and the symmetrical x’ can be altered 
by replacing Lima-beans by convex ovals. 

85. This depends on the number of pairs of conjugate imagi- 
nary lines meeting on (13) or on the line at infinity. We alter 
it by replacing two pairs of conjugate imaginary parallel lines 
by a pair of ellipses which are similar, and similarly placed, so 
that they have the same imaginary infinite points. 

The only arguments which remain are n, 5, and x, and we 
have seen that within the range of certain inequalities these are 
independent numbers. 

Theorem 11] There are no identical polynomial equations con- 
necting the Pliicker characteristics and the real characteristics 
enumerated above, which are not deducible from the equations of 
Pliicker and Klein.* 

A study of the upper limits for the numbers of real singu- 
larities of various sorts has been made by Hollcroft;+ there is, 
however, no rigorous proof that the curves so described really 
exist. 

* Cf. Coolidge?. + Cf. Holleroft. 


CHAPTER VIII 
THE GENUS 
§ 1. Definition of genus, Riemann’s theorem 


WE have already had occasion once or twice to speak of the 
genus of a curve; it is given by the equations 


(n—1)(n—2) wriri—1)__ (m—1)(m—2) i(p;— 1) 
2 ~ 2 2 =e un 
(1) 


In terms of nodes and bitangents, actual or virtual, this is 


eo NE or (2) 


It is to be understood in these definitions that the curve has 
no singular points but ordinary ones and cusps, with a like 
restriction on singular tangents. A curve, no matter what its 
singularities, has a definite genus, as we shall see in Book II, 
but we are not yet prepared to give the definition. 

We saw in Lefschetz’s theorem 4] of the last chapter that 
the genus of an irreducible curve can have any value from 
‘Goal lea down to 0. We postulated in certain subsequent 
theorems that the genus of the curve in question was not negative. 
As a matter of fact we cannot have an irreducible curve of 
negative genus. We have only to consider the system of adjoints 
of order n—1 which exist, since first polar curves are that. 

The amount of freedom of such a system is 


= ee ee = p+2(n—1). 


The number of free intersections with the given curve is 
< n(n—1)— > 7,(r,—1) = 2p+2(n—1). 
But we have already seen that the freedom cannot exceed the 


number of free intersections. 

Theorem 1] If a curve have no singular points but ordinary 
ones and cusps, tis genus can never be negative. 

Theorem 2] The genus of a curve is the amount that the number 
of nodes, actual or virtual, and cusps, falls short of the maximum 
possible for an irreducible curve of that order. 
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It is for this reason that the genus was habitually called the 
‘deficiency’ by the earlier English-speaking writers. 

Suppose that the plane in which a curve lies is so oriented 
that no singular tangent is vertical, or has an infinite point of 
contact, and no singular point lies at infinity, a condition easily 
obtainable by a linear transformation. Then y is an n-valued 
algebraic function of x or a single-valued function on a certain 
definite n-leaved Riemann surface. The branch points of this 
surface arise from those values of x where two values of y on 
one branch fall together, and these are either the points of 
contact of vertical tangents, or else the cusps. Their number 


is thus mt+Kk= 2n-+2(p—1), 
m-+-K—2n = 2(p—1). 


Now the left-hand side of this last equation is the connectivity 
of the surface, and is unaltered by any continuous one-to-one 
transformation. Hence the genus is unaltered. We thus get 

Riemann’s Theorem 3] Jf two algebraic plane curves with only 
ordinary singular points and cusps be so related that the coordinates 
of a point on either are rational functions of a corresponding point 
on the other, then the two curves have the same genus.* 

Here is a shorter statement. Two algebraic curves in any 
number of dimensions which are related in the way here de- 
scribed are said to be ‘birationally related’: each is said to be 
obtained from the other by a ‘birational transformation’ of the 
other. Any transformation that is algebraic and one-to-one is 
birational. We thus get 

Riemann’s Theorem 3’] The genus of a@ curve is unaltered by 
a birational transformation. 

If the reader reflect upon this theorem he must be struck by 
its great generality and importance. The only proof we have 
given so far is entirely transcendental, based on the connectivity 
of Riemann surfaces. That will not do; we must give an alge- 
braic proof. This we proceed to do, though indirectly; the proof 
comes incidentally out of a fundamentally important formula 
which must be developed for its own sake. 


* Riemann, pp. 127 ff. A list of various forms of proof will be found in 
Clebsch-Lindemann, pp. 681 ff. 


y 
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§ 2. The Chasles-Cayley-Brill correspondence formula 
Suppose that we have a fixed curve, with only the sort of 
singularities we have so far allowed, and a linear system of 
curves. The variable groups of points which the curves of the 
system cut on the fixed curve, which we shall call the ‘base 
curve’, shall be called a ‘linear series of point-groups’. We 
shall consider only non-singular points as belonging to such 
groups. It may be that all of the variable groups contain a 
certain number of fixed, non-singular points. These we are at 
liberty to count as forming parts of the groups or to exclude at will. 
A linear system of curves may be built up by pencils of curves 
each connecting a fixed new curve with the curves of some 
previously recognized linear system, and the same holds, of 
course, for linear systems of point-groups. Consider the pencil 


to(x, y) yy (x, y) = 0, 


which we may also write 


a es. 
fo(x ’ y) 
The groups of the corresponding linear series are groups of 
points on the base curve where the rational function — ee 
0 5) 


takes constant values. Conversely, if we have a rational func- 
tion of x and y, we may adjoin the factor 1, representing the 
line at infinity, to the numerator or denominator in such a way 
that we imagine them of the same order. Then the variable 
groups of points where this function takes assigned values are 
the groups of a one-parameter linear series. 

Suppose, now, we make a rational transformation of our curve 


Cs O,(0',y') __ 9,(2", y’) 


Oo(2", y’) Ag(z',y’) 

A rational function goes into a rational function, hence a group 
where a rational function takes assigned values goes into another 
such group, and so a one-parameter linear system goes into a 
one-parameter system. Finally, any linear system is built out 
of one-parameter ones, which gives 

Theorem 4] If a base curve be rationally transformed, a linear 
system of point-groups will go over into a linear system. 
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Let the reader notice that in this theorem we have said 
‘rationally’, not the more restrictive ‘birationally’, and we have 
made no reference to singular points. 

Let the groups g,, 9, of a linear system on a base curve f, 
which has only ordinary singular point and cusps, be cut by the 
curves y, and #, of a linear system. Let the group g, also lie 
on an adjoint curve ¢,. We have, by Nother’s Fundamental 
Theorem 15] of Ch. II, 


$12 = Of + hot 


The curve ¢, is thus an adjoint cutting the group g,. Any 
group residual to g, is residual to g, also. 
Linear Group Theorem 5] Any linear system of point-groups 
on a curve with only ordinary singularities may be cut by adjoint 

curves. 

There are two advantages in using adjoint curves for this 
purpose. One is that we may make use of the residue theorem 
of Ch. II. The other is that, as we shall see later, we are able 
to count the number of degrees of freedom exactly. 

Definition. Two groups of the same linear series are said to 
be ‘equivalent’. We write this 


91 = Go 
If 9, =92; then 9,=9. 


If 9; = 93) 92 =93; then 9, = 9. 

This last is a simple result of the residue theorem; we leave 
the proof to the reader. 

Definition. The number of points in each group of a series 
is called its ‘order.’ The number of parameters on which it 
depends is called its ‘dimension’. A series of order N and 
dimension r is called a gf. 

Definition. A linear series is said to be ‘complete’ if it be 
not contained in any other series of the same order and larger 
dimension. 

Theorem 6] Jf a group of points be residual to one group of 
a complete series, it 1s residual to every group of it. 

This is an immediate consequence of the residue theorem. 

Consider the totality of adjoints of a given order on which no 
restriction is placed except that they go through a certain~ 
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number, perhaps zero, of points on the base curve. These points 
will be residual to every group of the complete series which 
includes the series cut by these adjoints. But the complete 
series will be cut by adjoint curves, and they must be of such 
an order as to meet the base curve as often as do the given 
adjoints; hence, they are nothing but the given adjoints, and 
the given series is complete. Conversely, by the last theorem, 
if we have a complete series, and pass an adjoint through one 
group, that complete series will be cut by the totality of adjoints 
of that order through the residual group cut by the first one. 

Theorem 7] The totality of adjoints of a given order on which 
no restriction is placed except that they pass through a certain 
number, perhaps zero, of fixed points on the base curve, will cut 
a complete series on that curve, and every complete series can be 
cut in that way. 

Theorem 8] A linear series 1s contained in but one complete 
series. 

Definition. We mean by ‘the sum of two linear series’ the 
complete series which contains the totality of groups composed 
of a group of the first and a group of the second. If, for instance, 
the given series be cut by the curves 


No boty b+... +A, p = 0, 
Mo I+ hr +--+ Hs 9s = 9; 
their sum will be the complete series containing every group 
tb 
“ y 2 Vi; 2; 0; ==) 
In the same way we may define a positive integral multiple of 


a series as the complete series whose groups include those com- 
posed of any selection of that number of groups of the given 


series. 
If R= Jo =I; 
then +92 =1492- 
Let h=9, HtG.=I71t92- 
To prove 2 = 92) 
suppose 2 = Ga, 


then 91 4+92= 9192 =IM192: 


124 : THE GENUS : Book I 

Let all these groups be residual to y. 

Then g; and , are residual to g,+-y. 

Hence Io = 92 =J92- Q.E.D. 

If gs include g,, we mean by g;—g, the remainder of the 
group, and our last statement amounts to saying 

If 9, =91, Js = 9s; then 93-9, = 93—91- 

We thus see that our symbols for addition, subtraction, and 
equivalence obey the rules for addition, subtraction, and 
equality in elementary arithmetic. 

Suppose that on a base curve we have two variable points 


(zy and (y), S(&1, %2, 3) = 0 SY1; Yo: Ys) = 9. 
Let them be connected by a series of equations 


(1, Xa, Xs, Y4, Yo, Ys) = 9, Yro(1, Xa, 3, Y1, Yo, Ys) = 05-5 
By (X, Xa, Ls, Y1, Yo; Ys) = 0. 
Suppose further to each point (x), which we shall also call the 
point P, there corresponds in this way exactly v’ variable points 
(y) or P’, no one of which is, in general, identical with P, and 
that to each P’ there correspond v variable points P. We shall 
say that we have a v-to-v’ correspondence, the numbers v and 
v’ being called the ‘indices’ of the correspondence. Suppose 
lastly that there is a positive, negative or zero integer y with 
these properties: 
a) When y >0, if P corresponds to Pj, P%,..., P’, and Q to 
Q1, Qo,---, Q., then 
Pit P3t.. Py tyP = QAQi+..+Q+70. 
b) When » <0, if P correspond to Pj, P3,..., Pi and Q to 
Q;, Q,---. Qj, then 
Pit Pith Py esp Ot Gt ane ee 
then y is called the ‘value’ of the correspondence. 
Could a correspondence have two different ‘values’ 2 


Pit Po+..+Pi+yP = Q4+04+...4+0,4+719, 
Prt Py}... Pit P= G4 Qt... +O) tye, 
(Yi 2) P = (1-72) 9. 
If Y1—-¥2 #9, 
we have a one-parameter linear system of curves tangent to the - 
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base curve, but the condition for contact is not linear, so that 
such a system is only possible when y,—y,—= 1 or P= Q. 
Our base curve will, then, have a g}. Let this be given by 


got Xd, = 0. 
Only one intersection of such a curve and the base curve will 
depend on X, so that 2 and y will be rational functions of this 
parameter, which is a rational function of them; the curve is 
rational and so has genus 0 by 2] of the last chapter. 

Theorem 9] A correspondence cannot have more than one value 
on any curve whose genus is greater than zero. 

Theorem 10] The indices and value of a correspondence are 
unaltered by a birational transformation. 

Correspondences on curves of genus zero are easily studied. 
Since the coordinates of points on such a curve are rational 
functions of one parameter, say X, which is a rational function, 
of them, the curve may be birationally transformed into the 
X-axis. The correspondence will be given by equations 


Dee ik ee XK) 0, 


These curves in the (X,X’) plane must all have a common 
factor, hence our whole correspondence must be given by a 


single equation: F(X, X')=0 


Definition. If in one correspondence a point P corresponds 
to points P;, P3,..., P, and in a second to Pj, P%,..., P%. the 
correspondence where it corresponds either to P; or to Pj is 
their ‘sum’. We get at once from the arithmetic of point-groups 
developed at the beginning of this section: 

Theorem 11] The value of the sum of two correspondences is the 
sum of their values. 

Suppose that in one correspondence P corresponds to 
Pj, P9,..., Py, and in a second P; corresponds to Pi, Pis,-.-, Pi, 
then the correspondence where P corresponds to P%, (except 
when the latter is identical with P) is called the ‘product’ of 
the two. Let the indices and value of the first correspondence 
be v1, vj, y;, and of the second be v5, v5, yo. 


Pit P+... +Py tnyP = Qi 4+O+--+ O42, 
Pit Pi a eat ae ak: = Ot Qint + Qi +729i- 


2 
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Adding all these latter relations we get 
rad Pit 2 PhS rd Ut 2 Vi 
v Us) Vs 


But yal > PityP]=ri2> +714] 
Hence ys Pi-N1%2P = > Qi v2. 
i,j a,J 

Theorem 12] The value of the product of two correspondences 
is the negative of the product of their values. 

It is the existence of this unexpected negative that clears up 
all our difficulties. If we have a g\ on our base curve, to each 
point P will correspond N—1 points P’ and conversely, i.e. we 


have a correspondence of indices N—1, and of value 1. By | 


adding and multiplying such correspondences, we get 

Theorem 13] There exist correspondences of positive, negative, 
or 0 values. 

The correspondences of value 0 are those which we must look 
at next. To each point (y) will correspond a group of points (x) 
cut by a curve of the linear series 


Ao Potry git-.+A,$, == 0, 


The coefficients 4; are single-valued algebraic functions of (y) 
when f(¥;, Y2, ¥3) = 0, so that under these circumstances they are 
rational, and we may write 


P(x, X9,%3,Y15 Ya; Y3) = 0, (3) 

P(e; Y, 2. y") = 0. (3’) 

This polynomial will not vanish identically when we put 
(x) = (y), nor contain f as a factor, for the correspondence has 
the value 0, so that (a) is not, in general, a point of the group 
corresponding to (x). From this we see incidentally that the 
inverse correspondence has also the value 0. The matter with 
which we are especially concerned is to find the coincidences, 


i.e. the self-corresponding points. These are among the inter- 
sections of the curves 


F(%, Xo, X3) == 0 Py, Va, hate ee, Ce) =F 0, (4) 


f(x, y) =0 p(2, Yy, x, y) = 0. (4’) 


Suppose there is a coincidence at an ordinary singular point. - 
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Let us take this as the origin, and make an ordinary circular 
inversion: , A 
cll bag punt a 
wy? a fy? 

What can we say about the new base curve? If the first 
curve have a singular point of order r at the origin, the new 
curve is of order 2n—r, with a singularity of order n at the 
origin, and one of order n—r at each circular point at infinity, 
otherwise its singular points correspond to those of the original 
curve. Hence, as we see by a short calculation, it has the same 
genus p. We shall have on it a v-to-v’ correspondence of value 0. 
The branches at the origin will be dissipated into different points 
on the infinite line. A coincidence at the origin which came 
from two points on different branches will be dissipated, one that 
came from two points approaching on the same branch will be- 
come a coincidence at a non-singular point. No new coincidences 
need be introduced at the origin or circular points at infinity. If 
we make sucha transformation a number of times, we may be sure 
finally of having no coincidences arising from points approach- 
ing on different branches; the indices, value, and genus of f are 
unchanged. 

Now look at coincidences coming from points which approach 
on the same branch. We may write this 


x= a,t-+a,f*+... y = b,t+b,t?-+... 
xv’ =a,t'+a,t’?+... y’ = b,t'+b.t'*+.... 
We get from (3’) J(t,t’) = 0. 


If this be divisible by # and ¢’?’, then for the general (x,y) in 
(3’) the curve in (2 y’) has p’ intersections with f at the origin, 
and for the general (x,y’) the curve (3’) has p intersections 
with f there. If we divide ¢t’’’ out of (#,t’), the number of 
coincidences at t= t’ = 0 will be the intersections there of the 
curves b(t, ') zs () i-_?’/— 0, 
and so is the excess of intersections at (0, 0) of 

f@y)=0  d@yxy')=0 
over the intersections there of 

{wy)=0  4o@y,%y')=0 
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for the general (x,y), and of 

f(x,y) =0 P(X, Y,v,Y) = 9 
over those of fley)=0  d(x,y,24y') =0 


for the general (x; y’). 
Let the order of f be n. Let (3’) be of order N in (x,y) and 
N’ in (x,y). Then for a general (7, y) the curves 
fay’) = $(a,y, x,y’) = 0 
have N’n—v’ fixed intersections, and for a general (x,y’) the 
curves f(x, y) = d(x, y, x,y’) have Nn—yv fixed intersections. The 
number of coincidences is obtained by taking these from the 
total intersections of the curves f and (4) and so is 
n(N-+.N’)—[N’n—v']—[Nn—v] = v-+0’. 

We have here the number of coincidences of a correspondence 
of value 0. The coincidences in the other cases are obtained 
from this formula as follows. 

Suppose that we have a correspondence of negative value y. 
Let us take —y points in general position and draw radiating 
lines through them, each set cutting the base curve in a gt 
giving rise to a correspondence of indices n—1, n—1, and value 
1. The coincidences of these latter are the points of contact of 
the tangents from the points whence the lines radiate, and the 
cusps, the number of coincidences in each such case, is 

m+k = 2n+2(p—1). 
When we add these —y correspondences to the original one, we 
get a correspondence whose indices are v—y(n—1), v’—y(n—1) 
and whose value is 0. The number of its coincidences is. 
v+yv’—2y(n—1). 

If we take from this the 2p+-2(n—1) coincidences of each of 
the added correspondences, we have left the coincidences we 
seek, in number ye 


Suppose, lastly, we have a correspondence with positive value 
y. If we add a correspondence of indices 7, 7’ and value —y, we 
get one of indices v7, v’-+7’, and of value 0. The coincidences 
are in number v-+-y-+y’+7’. Deducting the b+’ +2p(—y) un- 
desired coincidences of the correspondence added we have left 


v-+v'-+ 2py. 
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This very long and involved discussion leads us at last to 
Theorem 14] The number of coincidences of a (v, v') correspon- 
dence of value y on a curve of genus p is given by the Chasles- 
Pox * 
Cayley-Brill formula Saat a ae (5) 


Theorem 15] A correspondence and its inverse have the same 
values. 

It is clear that the number of coincidences of a correspondence 
is invariant for a birational transformation of the curve. We 
thus get from 7] 

Riemann’s Theorem 3’] The genus of a curve is unaltered by 
a birational transformation. 

The formula (5) is certainly one of the sharpest tools available 
for attacking problems in the theory of algebraic plane curves, 
but for that reason the unwary reader is in the greatest danger 
of cutting his fingers therewith. This we shall endeavour to 
show by a series of examples. 

Suppose that we wished to apply the formula to find how 
often a certain line meets a given circle. We might reason as 
follows. A point lies on a circle when it lies on a tangent and 
on the corresponding normal. Let P be a point of the line. 
Through it we may draw two tangents to the circle, the normals 
at the points of contact will meet the line in the two points P’ 
which correspond to P.. Conversely, if P’ be given, the normal 
through it is the line to the centre, the tangents at the two 
points where it meets the circle give the corresponding points 
P. We have thus a 2-to-2 correspondence on a curve of de- 
ficiency 0, and four coincidences; the line meets the circle four 
times ! 

The difficulty here is not very deep-seated. If a point lie on 
a curve it is on both the tangent and the normal, but this neces- 
sary condition is not sufficient, for the tangent and normal 
might coincide in case the tangent passed through one of the 
circular points at infinity. In the present case we have a proper 
2-to-2 correspondence with four coincidences, but two of these 
are the intersections with the minimal lines through the centre. 

* For the history of this formula see Segre'. The literature dealing with it 
is very extensive. Chasles only treated the case where p = 0. Cayley surmised 


the true formula, but the first proof was given by Brill’. The proof here given 
is taken from Severi!. Further references will be found in ‘Topics’, Ch. 7. 


3781 K 
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Here is another example of the same rather trivial sort. How 
many circles with a given centre touch a given line? These 
circles determine a 1-to-1 correspondence on the line with two 
coincidences, yet there is surely only one circle, that which 
touches at the foot of the perpendicular from the given point. 

The explanation here is even simpler. The circles in question 
cut an involution of points equidistant in pairs from the foot of 
that perpendicular. One coincidence is the foot of the per- 
pendicular, the other at infinity, in which case the circle is the 
line at infinity counted twice. We must always take account 
of infinite coincidences. 


“gt 


Here is a much more subtle example. Let us find the order of 


the curve traced by the points of contact of tangents to a set of 
concentric circles from a chosen finite point. Let P be a point 
of a line not through the given point. There will be one circle 
passing through it and belonging to the given concentric system, 
and the two tangents to it from the given point will meet the 
given line in the desired points P’. Conversely, if P’ be given, 
one circle of the system will touch the line from P’ to the given 
point, and this will cut the line in the two desired points P. 
We have thus a 2-to-2 correspondence on the given line, with 
four coincidences, yet the locus we seek is the circle whose 
diameter is bounded by the given point and the centre of the 
given circles. . 

This does not fall under either of the preceding cases. There 
are no coincidences which we do not want, and there are none 
at infinity. What is the matter? Let us put the thing through 
algebraically. The fixed point shall be the origin, the centre of 
the circles (vp, ¥), the given line y=1. The line from (2,1) to 
the origin has the equation 


é—xn = 0. 


The distance from (ag, yo) to this line is “974, 
.NT+ 2? 


The circle with (x, y)) as centre tangent to the given line has 
the equation 
(1-+2*)[(2’ —arg)?+ (y'—Yo)?] = (%y—ayo)?. 
Putting y’ = 1, we get the equation of our 2-to-2 correspondence: 


w'?(1 2) — 2arg(1-- a)’ + a*[1++-27)—2y9]+ 2% Ygt + (1—yp)? = 0-, 


j 
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To get the coincidences we replace «’ by 2, getting 
a4 — 2argx® + [275 + 2(1—Yo) x? 2a(1—yp)u-+(1—yo)? == 0), 
[w?—ax,x-+ (1—yp)]? = 0. 

The trouble here is that the quartic equation is reducible, and 
merely the square of a quadratic equation, so that there are 
but two coincidences. How could we have foreseen geometri- 
cally that this was going to happen ? How can we tell just how 
many coincidences should be counted at a particular point ? 
The answer is due to Zeuthen.* 

Let us assume, for simplicity, that no coincidences occur at 
a cusp, and that the tangent at a coincidence which we take as 
origin is not vertical. We may then develop y in terms of # and 
y’ in terms of x’, so that our correspondence on this branch is 
given by an equation (2, 2") =0. 


Writing x’ = (x’—x)+2a, we may put this equation also in 
the form wb(2, 2’ —2) = 0. (6) 


When x’—x=0, how many roots in x are given by x= 0? 
Let the lowest term in x alone here be 2°. Then s will be the 
number of roots. But it is also the infinitesimal order of the 
product of the roots of (6) looked upon as an equation in x’—z, 
when ~ is an infinitesimal of the first order. 

Zeuthen’s Rule, Theorem 16] The sum of the number of co- 
incidences at a non-cuspidal point C is the sum of the orders of 
the infinitesimal distances from a near-by point P to the corre- 
sponding points, when the distance PC is taken as the principal 
infinitesimal. 

When the coincidence comes at a cusp the situation is a little 
more complicated. We shall see in a subsequent chapter that 
it will be the sum of the orders of the infinitesimal distances 
PP’ when VPC is taken as a principal infinitesimal. 

Here are some important applications of the Chasles-Cayley- 
Brill formula to the theory of linear series. Suppose that we 
have agi, and ag}, on a base curve of genus p, how many pairs 
of points can we find that belong to a group of each? A gy 
produces a correspondence of indices N—1, N—1, and value 1; 


* Zeuthen?, pp. 186 ff. 
K 2 
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the pairs of points we see are coincidences in the products of 
our two correspondences. The indices of the product are 
(N—1)(N’—1), (N—1)(N’—1), and the value —1; hence the 
number of coincidences is 2(N—1)(N’—1)—2p. 
Theorem 17] Given a gi, and a gk, on a curve of deficiency p, 
the number of pairs of points which belong to a group of each is 
(N—1)(N’—1)—p. _ (7) 
The reader will remember that such a statement gives the 


number of pairs ‘in general’, or the degree of the equation on 
which their determination depends. 


If s points of a correspondence come together, all iaatienttid bs, 


distances being of the same order, by Zeuthen’s rule that counts 
as s—1 coincidences. Thus the coincidences of a gh are given 
by the formula S (8;—1) = 2(N-+-p—]). (8) 
Suppose that a gk and a g\, are such that a group of s points 
A, B,,...,S belong to one group of each. How many coincidences 
do they count for? When P is close to A it has a mate in the 
first correspondence close to B, C,..., and when P’ is close to 
B, C,...or S, it has a mate P in the second correspondence 
close to A. The number of coincidences in the product corre- 
spondence at A is s—1l, so that the number at A, B,... or S 


SSN! 5,(8,—1) = 2[(N—1)(N’—1)—p], (9) 
If we have a correspondence with indices 1,, vj, and value y,, 


and a second with indices v,, v3, and value y., the number of 
points with the same mate in both correspondences is 


¥4 V2 +0201 — 2p, Yo- {10} 

Here is another important application. Given a g%, on a curve 

of genus p. In how many places will r+1 points of the same 

group fall together ? We reach the answer by mathematical in- 

duction. When r= 1 the number is, as we know, 2[N-+-(p—1]. 

Suppose that we have demonstrated that when the dimension 
of the series is y—1 the number of coincidences is 


r[N"+-(r—1)(p—1]. 
for all values of N’. Consider a gi. If P be given, there is 
residual thereto a gi! with rLN—1-+(r—1)(p—1)] coincidences 


P', When P" is given, there will be one group of our g%, with 
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r points there, and the remainder will be N—r points P. The 
value of this inverse correspondence, and so of the original, is 
r; hence the number of coincidences is 


rN —1+(r—1)(p—1)]4+- N—r-+ 2pr = (r-+1)[N+1(p—1)]. 

In certain cases we have to make important reductions from 
this owing to the presence of certain special points. Suppose 
there is a point A; which has this series of properties : 

co’! adjoints cutting the series meet the curve v,;,++1 times 
there. 

oo’-? adjoints cutting the series meet the curve v;.+2 times 
there etc. 

oot adjoints cutting the series meet the curve v,,_,-+-7— 1 times 
there. 

One adjoint cutting the series meets the curve v,;,-7r times 
there. 

To what extent will this enter into the number found above ? 

For a g}, this will be v;,. Suppose that we have demonstrated 
that for a 9%! the reduction must be v,4++-yj2+...+1%,-1. Con- 
sider a g. If P be given, we have residual thereto a gx"; the 
number of groups of r coincident points is 


rN Ie 1)\(p—v)|—— 2 [vive ... FV ipa] 


after deduction has been made for the undesired coincidences. 
When P’ is given there correspond N—r points as before, in a 
correspondence of value r. The number of coincidences is thus 
(r+1)LN+7(p—1)]— > Matvie +... +%-1), but we must discard 
v,, coincidences at A,.* 

Theorem 18] Given a gy and certain points A,, Ag,..., A, such 
that oo"-j adjoints cutting groups of the series meet the base curve 
viz tj times at A,, then the number of places other than the A’s 
where a group has r+-1 coincident points is 


Cr+ Ul & vp (11) 


If the group have 7-+s coincident points, this will count for 


s—1 places. 
An application of this theorem is to finding Pliicker’s equa- 
tions. The lines through an arbitrary point meet the curve in 


* Cf, Segre!, pp. 86-8. 
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a gi whose coincidences come from the nodes and cusps. We 
get an equation and its dual, namely, 

m+kK = 2(n+p—1) n+e= 2(m+p—1). 

The totality of lines in the plane cut the curve in a g7. When 
will three points of a branch lie in a line ? Either the line is an 
inflexional or a cuspidal tangent. In the case of a cusp there 
are co! lines that meet the curve twice there, one line that meets 
it thrice, so that v;,;=vj.= 1: 

1 = 3[n-++2(p—1)]—2x, 
Kk = 3[m+2(p—1)]—2t. 
Lastly, by Riemann’s theorem, 
(m—1)(m—2)_y__ (m—1)(m—2) 
2 2 


All other Pliicker equations are easily deduced from these. 


—T—b== p. 


§ 3. Correspondences on different curves 

Suppose that we have a 1-to-y correspondence between the 
points of a curve f of genus p and a curve f of genus #. If (2, y) 
be the coordinates of a point on the first curve, (%, 7) of a corre- 
sponding point on the second, since the former variables are, 
by hypothesis, single-valued algebraic functions of the second, 


h Si — 
sian baste ay — I089) peer as 
f3(@,9) Ss(@, 9) 
A one-parameter linear system of curves 


P(X, Y) +A ga(x, y) = 0 


will correspond to a one-parameter linear system 


$y (Z, 9) +A p(k, 9) = 0, 
so that a g}, will correspond to a g\. A coincidence on the 
curve f will arise either from a coincidence of f or from 
the fact that two of the points on f which correspond to the 
same point on f fall together. A point on one curve of such 
a nature that two corresponding points on the same branch of 
the other fall together is called a ‘branch’ point of the first (for 
that correspondence). If the number of branch points on the - 


Chap. VIII CORRESPONDENCES ON DIFFERENT CURVES 135 


first curve (there are none on the second) be f, a comparison 
of the coincidences on the two curves gives 


2(N9+p—1) = v[2N-+2(p—1)]+B 


B+ 20(p—1) = 2(p—1). (12) 
Suppose, in particular, p= p> 1, 
B= 2(p—1)(1—9). (13) 


The left-hand side is positive or 0, the first two factors on 
the right are positive, the third is negative or 0. This gives 

Weber’s Theorem 19] Jf two curves of the same genus which 
as greater than one be in rational correspondence, that correspon- 
dence is birational.* 

Theorem 20] If a curve of genus greater than one be rationally 
transformed into itself, the transformation is birational. 

Suppose next in (12) that # = 0, the right-hand side is essen- 
tially negative and the equation can only be satisfied if 8 = 1, 
p= 0. 

Theorem 21] If a curve of genus 0 be rationally transformed, 
the correspondence 1s birational, and the new curve has genus 0. 

Suppose that we have given x and y rational functions of 
a parameter ¢, but are not sure that ¢ is a rational function 
of those coordinates. Then the (x,y) curve is a rational trans- 
form of a curve of genus 0, and so it has genus 0 and is rational 
in some other parameter which is rational in them. This gives 

Liiroth’s Theorem 22] If « and y be rational functions of a 
parameter, neither constants, the curve so defined has genus 0 and 
x and y may be expressed rationally in terms of a parameter which 
is rational in them.t 

Suppose, lastly, that we have a v-to-v’ correspondence between 
two curves of genera p and p’ respectively, which curves we 
may assume to lie in the same plane. The lines connecting 
corresponding points will envelop a curve of genus # in v’-to-1 
correspondence with the first curve, v-to-1 correspondence with 
the second. We thus get 


B+-2v'(p—1) = 2(p—1) 
B’+-2v(p’—1) = 2(p—1) 
B+ 2v'(p—1) = f’+2v(p'—1), (14) 


* Weber’. { Liuroth’, p. 163. 
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an elegant formula due to Zeuthen.* It is to be remarked that 
the correspondence must be supposed to be irreducible, as other- 
wise the intervening curve might become reducible and our 
equation (13) would not apply. ; 

It is to be noted also that in certain cases special care is 
necessary in assigning values to these constants. If we have 
corresponding branches 

%=A)+a,X+a,X2+... a’ =ajta,Y+a,Y?+... 

y = bo +b, X+b,X?+... y’ =bo+b,Y+b,Y?+..., 
the correspondence will be given by the curve 

LUA ye, 

which we may call the correspondence curve. The branch points 
will come from a s=.0.0F a = 0, i.e. points where the tangents 
are horizontal or vertical, but also from the singular points of 
F which yield branch points that correspond to branch points.} 


* Zeuthen!, p. 152. 
} For an elaborate discussion of this, see Severi®, pp. 211 ff. 
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CHAPTER Ix 


COVARIANT CURVES 


§ 1. Polar curves 


In studying the general theory of invariants and covariants we 
saw that there are certain polynomials which preserve their 
form under the most general linear transformation of the 
variables. A fundamental principle of projective geometry is 
expressed in the following form: 

Every geometric theorem which results from the vanishing of an 
invariant, or the identical vanishing of a covariant, is unaltered by 
a general linear transformation of the variables, whose determinant 
as not zero. 

The converse of this theorem seems also to be true; it seems 
to be the case that every projectively unaltered theorem is 
expressed either by the vanishing of an invariant, or the identi- 
cal vanishing of a covariant. I have never seen a demonstration, 
however, and it seems likely that it would be difficult to give 
an absolutely satisfactory definition of a projectively unaltered 
theorem. Is the theorem, ‘All men are mortal’, projectively 
unaltered, and, if so, how is it mathematically expressed ? Let 
us leave these general speculations and come to something 
concrete. 

Definition. A system of curves of a given order linearly 
dependent on two such curves which are not the same is called 
a ‘pencil’. They all pass through all points common to the 
original two called centres of the pencil; conversely, we get from 
Nother’s Fundamental Theorem 15] of Ch. II: 

Theorem 1] Jf two curves of the same order intersect only in 
ordinary points, distinct or infinitely near, the system of all curves 
of that order through those points is the pencil determined by the 
first two. ; 

More generally, if two irreducible curves of the same order 
have the same multiplicity at each intersection, then every 
curve of their pencil has at least that multiplicity there. It can 
have no higher multiplicity there, as otherwise it would inter- 
sect them too often. This statement holds only when all the 
common points are distinct. If we have a pencil of curves 
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tangent to one another at a given point, one curve of the pencil 
will have a double point there; we have only to consider a pencil 
of curves tangent to the y-axis at the origin. No curve of the 
pencil will have an equation with a constant term nor a term 
in y to the first power; hence one of the curves will lack the 
term in x to the first power, and so have a singular point there. 
If two irreducible curves of the same order intersect only in 
distinct points and have the same order of multiplicity at each 
of them, then if any other irreducible curve of that order have 


just those multiplicities it must be identical with a curve of the 


pencil through another one of its points. 

Theorem 2] Jf two curves of the same order be not reducible 
with a common factor, and intersect in distinct points having the 
same multiplicity at each, then every irreducible curve of their order 
which has that multiplicity at each of their common points is a 
curve of their pencil. 

Let us next turn our attention to polar curves. They are 
covariants of the curve to which they are polar, and we have 
given them a satisfactory algebraic definition. Let us show 
that we can give them a projectively invariant geometric 
definition. 

Suppose that we have an r-parameter linear system of curves 


JB Ag loth Al 0, (1) 


and seek the points where tangents from the origin have 7-point 
contact with curves of the system. We get from Joachimsthal’s 
equation (3°) of Ch. VI that f and its first r Ben nearer with 
respect to 1 are 0. Eliminating the 2’s, 


Posies Litas ue ne 
Io a; of 
fl ool wick eee et 
=0. (2) 
ofp of, of, 
Oh Wepre) eeegae 


The degree of this equation is 


n-+(n—1)+ n+ (n—1) = UY) 


2 


q 
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Let us write further 


Si = Gig + (Qi e+ yy Y) + (jg? + 20 oxy + C;2y")+... 


of. 
of = NA+ (n—1)(a,,;x+b,,y)+ (n—2)(Aj90?-+ 2bjoxy+C;o4?)...-+ 
Of 
aye = Mn—1)aig+ (n—1)(n—2)(ayx+byy) +... 


We may find such multipliers po, pj, po,...,p that 
Potnpy+n(n—1)p.+... = 0 

Pot(m—1)p,+(n—1)(n—2)p.+... = 0 

Pot (%—2)p,+(n—2)(n—3)p.+... = 0 

£ SP =the 
Multiplying the various rows of the determinant (2) by the 
corresponding p’s and adding to the first row, we see that we 
have at the head of each column a polynomial with no term in 
x or y of order less than r+1, so that this polynomial equated 
to 0 gives a curve with a point of that multiplicity, at least, at 
the origin. Let us note, finally, that if a point have the multi- 
plicity r-+-1 or greater for a curve of the system it will lie on 
the curve (2). 

Theorem 3] The locus of points of multiplicity r+-1 for curves 
of an r-parameter linear system and the locus of points where a 
curve of the system has (r-+-1)-point contact with a tangent passing 
through a fixed point, not common to all curves of the system, is 


a curve of order Se with a multiplicity r+-1 at the 


given point.* 

Suppose that each f,, where s <r, consists in a system of n—s 
lines through the origin, and the line at infinity (which may be 
altered to any line by a linear transformation) counted s times, 
while f, is a curve of the nth order cutting the line at infinity 
in n distinct points, the corresponding asymptotes having 2- 
point contact, and not passing through the origin. In (2) every 
term below the principal diagonal will drop out. This diagonal 
will give the rth polar of the origin with regard to f, and a 
system of lines through the origin. 


* For this theorem and the next, see Guccia!, pp. 266 and 271. 
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Theorem 4] The rth polar of a point with regard to a curve of 
the nth order is a part of the locus described in theorem 3]. The 
linear system of curves is composed of the given curve, and. sets of 
n—s lines through the given point and a certain line counted 
s times, where s takes successively the values 0, 1,...,(r—1). The 
remainder of the locus is a set of lines through the given point. 

When x = 1 we see that the first polar is the locus of points 
of contact of tangents from the given point, and of double 
points of the curves of a pencil made up from the given curve 
and a set of » lines through the given point. 

The coordinates of a point enter linearly into the equation 
of its first polar. This gives: 

Theorem 5] The first polars of the points of a line generate 
a pencil of curves; the non-singular points common to the curves 
of this pencil are the only ones that have the given line as line-polar. 

Definition. The system of curves linearly dependent on three 
given linearly independent curves of the same order is called 
a ‘linear net’. The system of all first polar curves with regard 
to a given curve is a linear net. Let us inquire when, conversely, 
a linear net is composed of first polars. Let the net be 


X91 +A92+Ab, = 0. 
Then the multipliers A must be single-valued algebraic func- 
tions of (y), the point whose polar is in question, and since (y) 
enters linearly into the equations of the first polar, it must enter 


linearly here. : t of 
YP tYoPotYs}3 = (v 2) ; 
Polarizing to (z) and comparing the two sides, 


ant) +(e Zi) +a (: 2!) = =i>yz apd 


LOL; 


Conversely, if this left side = z i(y z) +a(y 2) +a(u 2). 
Cif; _ OYp; of 
te 


—'=— 4; hence #, = 
Cx; OX; i oO 
Theorem 6] A necessary and sufficient condition that a linear 
net of curves should be a set of first polars is that the coordinates 
of an auxiliary point should enter linearly, and that the first polar 


of a point (z) with regard to the curve corresponding to (y) should - 
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always be identical with the first polar of (y) with regard to the 
curve corresponding to (2). 

A curve is the locus of all points which lie on their own first 
polars with regard to it. A system of curves having the pro- 
perties described in 6] is a system of first polars, and we may 
say that a curve is constructed from its first polar system in 
the sense that it is the locus of the points which lie on the 
curves which correspond to them. 

Theorem 7] The order of an irreducible curve is the number 
which exceeds by unity the number of successive polar systems 
necessary to construct it. 

We note that the class of a curve may be defined in the same 
way from the polar reciprocal curve with regard to a chosen 
conic. For p we have 


We shall show in a subsequent chapter that it is always pos- 
sible to transform a real curve birationally into one with no 
cusps. If this have the order n’ and the class m’, since the 
genus is unaltered we have 

m’ 


p=" (=), 


It thus appears that the genus of a curve is the maximum value 
for the difference between one-half the class and a number one 
less than the order of any curve birationally transformable into 
the given curve. We are enabled in this way to give a definition 
for the order, class, and genus, and so for the other Pliicker 
characteristics in terms of strictly real quantities.* 

Let us look at the singular points of the first polars. We find 
at once 

Theorem 8] Jf the first polar of (z) have a double point at (y), 
the conic polar of (y) has a double point at (2). 

This may be generalized to the form 

Theorem 9] If the rth polar of (2) have a point of multiplicity 
s at (y), then the n—(r+s—1)th polar of (y) has a point of multi- 
plicity s at (2). 

Let us see if we can find out when the first polar of (z) has 

* Cf. Coolidge’. 
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a cusp at (y). It must certainly have a double point there whose 
tangents are given by 

ame*a= 0 anr-"a,=0. 
Putting y; = &,t,+¢28;, the intersections with the line (é) to (s) 
which we may call (w), and suppose to be any line, are given by 


aan—3[ a7? + 2aa,€ £44265] = 0. 
If the double point be a cusp, the two roots fall together, and 


we have ee ear aw ay eee 
ar, a," |aa'w|? = 0. 


This will be divisible by (uy)?. The vanishing of the other factor - 
will give the desired condition. 

At the other end of the scale from the first polar is the line 
polar. This is completely determined by two of its points. Let 
(y) be the point whose line polar interests us. The intersection 
of this polar with any line through (y) is obtained by polarizing 
the binary form which gives the intersections of that line with 
the curve, as we saw in Ch. V. 23], so that the line polar will 
be obtained by polarizing with regard to the intersections with 
two such lines. Let these two lines meet our curve in P,, P,,..., P,, 
and Q,, Q.,..., QM, respectively. Matching these P’s and Q’s one 
to one in any convenient way we get n lines P;Q;. The line 
polar of (y) with regard to these is its line polar with regard to 
the original curve. If we single out one of these lines, say (v), 
the equation of all n may be written 


(ox beatae 0: 
The line polar of (y) with regard to them will be 
by -1(va)+ (n—1)(vy)bf—-*b,, = 0. 
The second term equated to 0 gives the line polar of (y) 
with regard to the other lines than (v). The line polar we seek 


will pass through the intersection of this and the line singled 
out. The line through this intersection to the point (y) has the 


equation pnt (va) — (vy)b"-b,,. 
The cross-ratio of these four concurrent lines is —(n—1). 
Theorem 10] The line polar with regard to n lines of a point 
not on any one of them is obtained by finding its line polar with 


regard to n—1 of them, and finding a line through the intersection 
of this and the nth line which makes, with these and the line from 
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that intersection to the given point when taken in proper order, a 
cross-ratio of —(n—1). 

Theorem 11] The line polar with regard to a curve of order n 
of @ point not on that curve is its line polar with regard to lines 
connecting in pairs the intersections of the curve with two trans- 
versals through the given point, no such intersection lying on two 
connectors.* 

Suppose that we have m pairs of lines 


[(u er) (vex) If (ue) (ex)... [ (evar) (¥™ar)] = O. 
The line polar of (y) will be 
SS (Paley) + ean 
(uy) (vy) 
The line polar of (y) with regard to the ith pair is 
(uy) (0x) + (vy) (wx) = 0, 
The system of these m lines is 


The line polar of (y) with regard to this system is the expres- 
sion above. 

Theorem 12] The line polar of a point with regard to m pairs 
of lines is tts line polar with regard to those lines which are its 
line polars with regard to the separate pairs. 

Suppose that we have a curve of order n, 


t 


an = 0. 

This shall be required to meet the line 7, = 0 in n distinct 
points, the tangents there having the equations (cxv)=0, 
(dx) = 0.... By Noéther’s fundamental theorem 

a” = (cxv)(dax)...-03b"-*. 

We see that the coefficients of «3 and x} are the same in the 
equations of the original curve and of the m tangents. A corre- 
sponding theorem will hold for envelopes expressed in line 


coordinates. 
Suppose, next, that we have a set of envelopes 


ue 0 Up = 9..., 


* For this theorem and the preceding see Schwarz, pp. 42 ff. 
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one of which may be, if desired, the original curve. Let (v) and 


(w) meet in (x): v; % 


W; W;, 
Uy, = Evi + Eou;- 
The tangents to the various envelopes through (x) are given by 


[Yq €1 +a Fo)” = 0 [vg &,+- wp So]"...- 

Let (a) be such a point that one of the invariants of these 
binary forms vanishes, i.e. such a point that there exists among 
the tangents thence to the various envelopes a projectively © 
invariant condition given by the vanishing of an invariant. 
Since 

= |xof, 


the coordinates of the point (x) fulfil an equation of the type 
\zoB |. |xBy|’... = k¥ = 0. 

If we replace the envelope uw” = 0 by the points of contact 
of tangents from (0, 0, 1), which we may take to stand for any 
point, the coefficients of v3 and w4 will be unaltered, as was the 
case above for a”. On the other hand the line polar of (0, 0, 1) 
with regard to kY¥ = 0 is k¥—1k, = 0, which involves only the 
coefficients of k¥, k,k’-1, k,k—1 in the equation of the locus, 
and when this is written in terms of the coefficients a, B, y... 
the subscript 3 appears but once with these Greek letters, i.e. 
the expression would have been the same had we replaced 
uguz... by the points of contact of tangents from (0, 0, 1). 
This gives a curious theorem due to Laguerre.* 

Theorem 13] Jf a curve be the locus of points such that there 
exists among the sets of tangents thence to a number of envelopes, 
a projectively invariant relation expressed by the vanishing of an 
omvarrant, then the line polar of an arbitrary point with regard 
to this locus is unaltered if we replace any number of the given 
envelopes by the points of contact of the tangents thereto from the 
given point. 

If a point lie on a common tangent to two curves, the re- 
sultant of the binary forms giving the sets of tangents thereto 
from the point is 0. 


Vx 
Wy, 


* Laguerre’, p, 410. 
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Theorem 14] The line polar of a point with regard to the 
common tangents to two envelopes is identical with its line polar 
with regard to the lines connecting the points of contact of its 
tangents with one envelope to the points of contact of its tangents 
with the other. 

A curve is the locus of points whence two tangents to it fall 
together: 

Theorem 15] The line polar of a point with regard to a curve 
is identical with its line polar with regard to the lines connecting 
two by two the points of contact of tangents from the given point. 

Theorem 16] The line polar of a point with regard to the 
tangents to a curve from a second point is identical with its line 
polar with regard to the lines from the second point to the points of 
contact of tangents from the first. 

It is worth noting in conclusion what sorts of envelopes are 
generated by polars with regard to a given curve, when a point 
moves in a specified manner. Let us start with a curve, and the 
rth polar of a point (y): 

a= 0 jae". 

What sort of a curve will this polar envelop when (y) traces 

a curve of order n’ ? by 0, 


which we shall assume has 6’ nodes, actual or virtual, and x’ 
cusps. The coordinates of (y) shall be functions of a single para- 
meter f, as will those of (x), the point of contact of the polar 
and its envelope. If we substitute in the equation of the rth 
polar for both (x) and (y), we get an identity int. Differentiating 
this, we have 
rat tayan + (n—r)ajay tay, = 0. 
Since (w’) lies on the tangent to the rth polar of (y) at (z), 
aa ay = 

Hence Ayan = 
and (y’) lies on the tangent at (y) to the (n—r)th polar of («), 
or the (n—r)th polar of (x) touches the locus of (y) at (y). 

To find the order of the envelope of the rth polar of (y) we 
must find how many points on a given line / have their (n—r)th 
polars tangent to the locus of y, a curve of order n’ with 


Pliicker characteristics given above. 
3781 i 


Co rn 
he 
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Let P be a point of this latter curve. Its rth polar cuts / in 
(n—r) points each having an (n—r)th polar through P and 
meeting the curve of P in n’r—1 other points P’. The relation 
of P and P’ is symmetrical; we have a correspondence of indices 
(n—r) (n’r—1), and value n—r. The coincidences will come 
from points on the curve where (n—r)th polars are tangent, and 
from the cusps. As we have not at present the time to calculate 
whether these will yield multiple coincidences or not, we shall 
limit ourselves to the simple case where x’ = 0. Then we get 
by Chasles-Cayley-Brill of the last chapter:* 

Theorem 17] Jf a point trace a curve of order n, with only 
ordinary singular points, the envelope of its rth polar with regard to 
a curve of order n will be a curve of order (n—r)[2n'r+ 2(p'—1)]. 

Suppose, in particular, that we are interested in the line polar. 
The order will be 2[n'(n—1)-+p’—1]. 


The class is found by determining the number of line polars 
through a given point, and this again is the number of inter- 
sections of the (y) curve with a general first polar. Lastly, a line 
tangent to the envelope will have a good many poles, but, in 
general, only one on the (y) curve; the two are birationally 
related and have the same genus. 

Theorem 18] If a point trace a curve of order n’ and genus p’ 
with no cusps, the envelope of its line polars with regard to a curve 
of the nth order, when each tangent to this envelope corresponds, in 
general, to but one point of the original locus, is a curve of order 
2[n'(n—1)+p’—1], class n'(n—1), and genus p’. 

If a line envelop a curve of class n’(n—1), it will have 
n'(n—1)? positions tangent to a curve of class (n—1). Ifa point 
trace a curve of order n’, the remaining poles of its line polar 
with regard to a curve of order n trace a locus whose order can 
be found as follows. 

The line / being given, the line polar of a point thereon is also 
the line polar of a point on a curve of order n’ if the given line polar 
be tangent to a certain curve of class n'(n—1) and to another 
of class (n—1), but the point itself is not an intersection of the 
line / and the curve of order n’. The order of the curve we seek 
is, therefore, n’[(n—1)2—1]. ; 


* Cf. Cremona’, p. 81. 
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Theorem 19] Jf a point trace a curve of order n' not passing 
through any singular point of a curve of order n, the remaining 
poles of its line polar with regard to the curve of order n will trace 
a curve of order n'[n?—2n]. 

Let the reader prove by means of Chasles-Cayley-Brill: 

Theorem 20] If a point trace a curve of order n’ which passes 
through no singular point of a curve of order n, and if in no case 
ats rth polar and its sth polar are reducible with a common factor, 
then the locus of the intersections of those two polars is a curve of 
order n'[n(r+-s)—2rs]. 


§ 2. The simplest linear systems 
The simplest linear system of curves is the pencil already 
defined. Consider the pencil 
a7 +&2b7 = 0. 
Differentiating to 7;, 
€,a"—1a,+€,b"—b; = 0. 

There are three of these equations. We get the degree of the 
resultant by theorem 11] of the first chapter. 

Theorem 21] If the curves of a pencil have no common singular 
point, then at most, and in general, 3(n—1)? of these curves will 
have singular points. 

A line (w) has usually (n—1)? poles with regard to each curve 
of the pencil. What can we say about the locus of these poles ? 
Identifying (w) with the line polar of a point (x’), we have 

faa, + ,b21b, + plus) = 0. 

Eliminating €,, €,, and p, we get 

lapula® be * = 0: 

Theorem 22] The locus of the poles of a line not through one 
of the points common to the curves of order n of a pencil vs a curve 
of order 2(n—1). 

When n = 2, we get the familiar 11-point conic of projective 
geometry. 

We get immediately from Chasles-Cayley-Brill: 

Theorem 23] Jf a line do not pass through a centre of a pencal 
of curves of order n, and if no curve of the pencil be reducible with 


a multiple factor, then 2(n—1) curves of the pencil touch the line. 
L2 
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Suppose that we have two pencils 
fap +fob¢ = 0 mer +ndy = 0. 
The curves through (y) are 
brar—arbt? = 0 dion —cydy =0; 
their tangents are 
a®-1bn-la.b,—b,a,]=0 cf -tdy’—1[¢,d,—dyC_] = 0. 
The curves are tangent to one another if their tangents meet 
an arbitrary line (v) in the same points: 


an-Ipn-len'-1qr’—la.c,|vbd|—a,d,|vbe|—b,c, |vad|-+-b,d,|vac I 


Now, by Ch. V (18), 
c,[a,,|vbd | —b, |vad|] = c,[(vy) |abd|—d,|vab|], 
d,[a,,|vbe|—b, |vac\] = d,[(vy) |abe| —c, |vab |]. 
Subtracting and substituting we cast out the extraneous factor 
(vy), getting 
an—lpn—ten’-1dn'—I¢, |abd | —d,,|abc|] = 0. (3) 
Theorem 24] If two pencils of curves of order n and n’ re- 
spectively have no common centre, and neither contain a reducible 
curve with a multiple factor, the locus of points where curves of the 
two pencils touch is of order 2(n--n')—3. It will pass through 


the centres of both pencils and all singular points.* 
Let us next take the linear net, say 


Xap +X bp+X scp = 0. aa) 

If three linearly independent curves of the system have a 
common point, that will be a point of every curve of the system, 
and if it be multiple for all three, it will in every case have at 
least the lowest of the three multiplicities. The line polar of 


(y) with regard to the general curve (4) is a linear combination 
of the three line polars 


aya, = 0 bf 1b, = 0 chic, = 0. 
If these three be linearly independent, i.e. if 
labc|ajp—1b} 1c} A 0, 


* Cremona’, p. 69. 
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this may be any line in the plane. If they be linearly dependent, 
but not identical, they form a pencil of lines. The centre of this 
pencil could not be the point (y) itself, unless every curve of 
the net went through (y). When it is not (y), then all the curves 
of the pencil through (y) touch the line thence to the centre of 
this pencil, except one which has a singular point there. The 
condition for all this is that (y) lie on the Jacobian of the net, 


whose equation is jabe|a%—1hn-1en-1 — 0, (5) 


Theorem 25] The Jacobian of a linear net of curves of order 
n is a curve of order 3(n—1). It passes through all points common 
to all curves of the net. It is the locus of points where curves of the 
net touch one another, and of singular points of the curves. 

We might naturally expect that, as all the curves of the net 
but one through a point of the Jacobian touch one another, 
they would also touch the Jacobian. This is not the case. Let 
the origin be a point of the Jacobian, the coordinates being 
homogeneous Cartesian. Then, with the aid of Euler’s theorem, 


ah ah y 
ox OY 
I fs fs 
a Ae ee ee iA) 
re on oY. tr 
ate De 5 
Ga by 8 


Let fy, = aq? + 2D.ay+cyy?+... 
fo =a, x+ajx?+ 2bory+c, y?+... 
fs = a tajxtbiy+agu2+ 2boxy+coy?+.... 


The lowest terms in 7 J are 


0 = 2apa;(b,%-++-c,y)-+... 

The tangent to the Jacobian is thus harmonically separated 
from the line x = 0 by the tangents to the curve with a double 
point there. 

Theorem 26] The tangent to the Jacobian is harmonically 
separated from the common tangent to the curves of the net through 
that point of the Jacobian, by the tangents to that curve of the net 
which has a double point there. 
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Let us see if we can determine under what circumstances the 
Jacobian will have a double point.* 

If a” = 0, the origin is common to all curves of the system. 

If a” ~ 0, we must have ab, = 41¢, = 0; then, if a; #0, either 
one curve of the system has a cusp with the common tangent 
of all the other curves as cuspidal tangent, or else it has a higher 
singularity, or when a; = 0, all curves of the system through 
the origin have a double point there. 

Theorem 27] A point will be at least a double point for the 
Jacobian if: 

a) it be common to all curves of the system ; 


b) it be a cusp, and all curves through there touch the cuspidal 
tangent, or else it be a singularity of higher order ; 


c) it be at least double for all curves of the net through tt. 


Tf (y) be a point of the Jacobian, its line polars are concurrent 
in a point (z) given by the equations 


N-ly — fr-1h — er—-lrp — 
ana, = b}-1b, = ch-tc, = 0. 


Tf we eliminate (z), we get the fact that (y) is on the Jacobian; 
if we eliminate (y), we get (z) on a curve of order 3(n—1)?, 
called the Steinerian. 

Theorem 28] The locus of points whose first polars with regard 
to the curves of a linear net have a common point, which is also 
the locus of points of concurrence of line polars of points of the 
Jacobian, is a curve of order 3(n—1)?. It passes through all points 
common to all curves of the system. 

The Jacobian and Steinerian are in birational correspondence, 
and so have the same genus. A third curve of this genus is the 
Cayleyan, the envelope of lines connecting corresponding points 
on the two. If corresponding points on the Jacobian and 
Steinerian be connected with a fixed point, we have a corre- 
spondence among the lnes through this point with indices 
3(n—1), 3(n—1)2. 

Theorem 29] The Cayleyan of a net of curves of order n has 
the same genus as the Jacobian and Steinerian, and, in general, 
the class 3n(n—1). 


* Cf. Gerbaldi, pp. 22 ff. 
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§ 3. Fundamental covariant curves 
The most interesting linear nets are those composed of first 
polars. But how do we know that the first polars of all points 
with regard to a given curve do always form a net? If they 
were linearly dependent we should have 
Cacia igre ae 
"1 Be, Oar, pire Ox, lege, Oa, 
This means that the first polar of (7) goes everywhere or that 
all line polars go through (r). If all the tangents to a curve go 
through the origin, 
dy y dy dx = = 
meek cis log y = log x-+-log p ¥y = px, 
and the curve is a line through the origin. Conversely, if a curve 


consists in a set of concurrent lines through the origin, T 0, 


and our identical relation is satisfied. 

Theorem 30] The necessary and sufficient condition that a curve 
should be a set of concurrent lines is that the three partial derwatives 
should be linearly dependent. In this case, and in this case only, 
the system of first polars do not form a net. 

If the original curve be a” —0 


three linearly independent first polars are 

ay ta, = ay 1d, = ata; = 0, 
and the Jacobian is 
\aa’a tabs si eecacel |a 

Theorem 31] The Jacobian of the system of first polars with 
regard to a curve which is not a system of concurrent straight lines 
is the Hessian covariant. It is the locus of points which are 
singular for first polars, and of points whose conic polars are 
reducible. 

Theorem 32] The Steinerian covariant of a curve of order n is 
of order 3(n—2)*. It is the locus of double points of conic polars, 
and of points whose first polars have singularities, variable in 
position. 

If (y) be a point on the Hessian, we find the corresponding 
point on the Steinerian in the following way. Let (r) be an 
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arbitrary point on the line polar of (y). The intersection of this 
line polar with the tangent at (y) to the first polar of (7) will be 
(z). As (y) traces the Hessian and (z) the Steinerian, both are 
functions of an arbitrary parameter f, 


d d 
Slay taa]=0  F[ay-%a,ag]=0 5 [ay-*a,a,] = 0. 


Multiplying through by y, Y2, yz and adding, we get 
(n—2)a}—*a,,a,+ay—1a, = 0. 

But a%—*a,a,,=0. Hence af—a, = 0. 

This shows that the point (z’), which surely lies on the tangent — 
to the Steinerian, is on the line polar of the corresponding point 
of the Hessian. 

Theorem 33] The tangent to the Steinerian at a non-singular 
point is the line polar of the corresponding point of the Hessian. 

If two first polars touch, the corresponding line has coincident 
poles. 

Theorem 34] The Steinerian is the envelope of lines with two 
coincident poles. 

Let us note in passing that when the original curve is a cubic, 
the Hessian and Steinerian are identical. We revert to the 
previous equations 


(n—2)a}-*a,,a,0;+a7—*a_,a, = 0. 

Multiplying through by z; and summing, 
(n—2)a}-a2a,,+-a"—*a,a,, = 0. 

But aya, = 0. 

Hence ay *aza, = 0. 

The first polar of (z) has a double point at (y), the equation 


of the tangents is a,an-*q2 = 0. 


The equation just above shows that (y’) is on the polar of 
(z) with regard to these two tangents. 

Theorem 35] The tangent at a non-singular point of the Hessian 
as the tangent to the second polar of the corresponding point of the 
Steinerian, and is harmonically separated from the corresponding 
tangent to the Cayleyan by the two tangents to the first polar of 
that point of the Steinerian.* 


* Cf. Clebsch-Lindemann, p. 370. 
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We saw in Ch. VI that if the original curve have a singular 
point, that point is singular for the Hessian also. It is natural to 
ask whether the Hessian usually has a singular point apart from 
those of the original curve. We can prove that this is not the 
case by a very elegant method due to Valentiner.* 

Let us write our Hessian 


leaar atrtg Baty ha? = (): 


Assuming that the point O, is not on the given curve, it will 
be singular for the Hessian if and only if 


|aa’a” |?a8—*a4"—*ag"—Fa, = 0 ta 1,2, 3. 


How many conditions will these equations usually impose on 
the curve? Three if the Hessian usually have no double point, 
otherwise two or less. But if there were only two conditions in 
general, there would be only two in the case of a cubic curve, 
for the only coefficients involved are those of x, and x, in the 
original equation to a degree 3 or less, so that the condition 
will be the same if the curve consists of a cubic curve and the 
line x, = 0 counted n—3 times. But the Hessian of a cubic is 
also a cubic, usually non-singular, as we see if we write the 
original curve in the form 


xp tostao3t 3hx vx, = 0. 


Hence, for the general cubic, or the general n-ic, three con- 
ditions are imposed by requiring the Hessian to have a singu- 
larity at O;, or the Hessian has not usually any singularity. 

Theorem 36] The Hessian has not, in general, any singular 
point which is not a singularity of the original curve. 

This does not mean that there are not cases where such 
singularities do occur. The Hessian is the Jacobian of the first 
polars, so that we can use theorem 27]. If all first polars go 
through a point, that point can have no line polar, and so must 
be singular for the given curve. Let the point in which we are 
interested be (0, 0, 1), and let its line polar be 27,=0. If we 
put x, = £,, x, = &,, our curve can be written 


O = a+ azas?+ brag +... 


* Valentiner!. I am sorry to say I have not been able to see the original 
article, only an account of it. 
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The first polar of the general point (71, 7273)» is 

0 = 2a,a¢u37 + 3b, b3a} 8+ ...-- gg nag 1+ (n—2)agag + .--]. 
This will pass through (0, 0,1) when and only when 73 = 0. 
The equation of the tangent there is 

a te = == 0. 

This will be independent of 7,:72, 80 that all first polars Berk 

the same tangent there (a point of the Hessian) if 
jaa" |? = 0. 
Our curve can therefore be written 
0 = ah paddes24 beh... 
and the first polar of (71, 7,0) is 
0 = 2anoéox3-?+ 30,3033 ++ site 

If a — 0, all first polars through O, have a double point there, 
and the original curve has a triple or higher singularity. If 
a ~0, we shall have a cusp for the first polar of (71, 72,0) with 
&, = 0 as cuspidal tangent if 

y= D3 = id, = 0 b,b2 £0. 
The cubic polar of O, is now 
A (3b ,b3é,+-b3€,)&3 + BEjx,+ Cuz = 0. 

This has a cusp at (1, 0,0) with z,=—0 as tangent. Still 
assuming a 40, we have a triple point O, if 
and the cubic polar of O, has a triple point at Oj. 

Theorem 37] The Hessian will have a singular point at a point 
P not singular for the original curve, if, when Q is the intersection 
of the common tangent to all first polars through P, with the line 
polar of this point: a) the cubic polar of P has a cusp at Q with QP 
as cuspidal tangent; or b) the cubic polar of P has a singularity of 


order 3 or more at Q; orc) the conic polar of P is its line polar counted 
twice.* 


Suppose that our original curve has no singularities but nodes 
and cusps, and that the conditions of the last theorem are none 
of them fulfilled. At each node the Hessian will have a node. 
At each cusp it will have a triple point whose effect on the 


* For a much longer and more detailed discussion see Del Pezzo, pp. 203 ff. 
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other Pliicker characteristics is not at once apparent. The cal- 
culations leading to 21] of Ch. VI showed that when the 
original curve can be written 


0 = —y?+ (ax>+ 3ba*y+ 8cexry?+-y3)-+..., 
and the Hessian 0 = y(ax-+by)+..., 


the first polar of (0, 1,0) (which we may take to stand for 
pp Pome) is 0 = y(2ax+ 3by)-+.... 


This curve has a node with two branches: 
Yy = a,x? +a,x3-+... Y= — Paty. 


The first of these will meet the Hessian four times at the origin, 
the second but three times. This shows that from the point of 
view of the class and genus this singular point of the Hessian 
counts as two nodes and a cusp. 

Theorem 38] If a curve of order n have no singularities but 
5 nodes and « cusps, and do not fulfil any of the conditions of 
theorem 37], the Pliicker characteristics of its Hessian are given - 
by the equations 

N, = 3(n—2) 6y=28 kK, = 26+k 
py—1 = 3(—p—1)-+3(n—3)?-+ 2k. 

If the Hessian include the original curve as a part of itself, 
every point must have curvature 0, and the curve consists of 
a set of straight lines. 

Theorem 39] The necessary and sufficient condition that the 
Hessian of a curve with no multiple factor should include the curve 
as a factor of itself or vanish identically is that the curve should 
consist only of straight lines. 

When will the Hessian vanish identically ? The curve must 
consist only of a set of straight lines. We begin in the binary 
domain. If a homogeneous polynomial of degree n have two 
distinct roots, it can be written 


4X_[CyX 2 CU} 9 +... + Cn 99” I. 


If the Hessian vanish identically, we have 


(6) 


Co = 5 = eee = Cp. = 0, 
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which is absurd. The vanishing of the Hessian is the N.S. con- 
dition that all roots should be identical. Suppose now we have 
jaa’a” [gaeiey Ras — 0; 
this is the Jacobian of 
arta, = pi = 0 ott == 70a 0 af-G, rir 6 
Ipgr |p2-*gn rn? = 0. 
Tf (w) be any line 
[par |(U2) = lgrelps+ lrpelda + pauls 
lgrelgn re pe t+ |rpulre pe ge *+ |pqulpe "dere * = 0. 
Now lgrulqt-*r2—-2 = 0 
is the locus of points whose line polars with regard to g%-' and 
7-1 are concurrent on (w). If (uw) go through no intersection of 
g2—1, rm-1, these intersections cannot lie on the curve we have 


last found. Hence they must lie on p”-1, and so our three curves 
of order n—1 are linearly dependent: 


YrPa +YIe  +Yste = az "a, = 0. 

There is thus a point (y) whose first polar is non-existent; it 
must have the multiplicity , or the curve consists in ” con- 
current straight lines. This condition is also easily seen to be 
sufficient. 

Theorem 40] The necessary and sufficient condition that the 
Hessian covariant of a curve should vanish identically is that the 
curve should consist entirely of concurrent straight lines.* 

A very special case is where the curve consists of a straight 
line counted n times. Here a line connecting two points of the 
plane will meet the curve in n coincident points: 


©; = Ys t+Fo2; 
On = (0,6, pGee | = ck = 0. 
But we have just seen that we must have |cc’ Pezree™s ae0, 
Hence, |aa’u|2ar—*a'-2 = 0 if (ux) = 0. 
Theorem 41] The N.S. condition that a curve a® = 0 should 
consist in a line counted n times, is 
|aa'u|?a%—-2 = 0 if (ux) = 0. (7) 


* Cf. Hesse, p. 117. The proof here given is from Clebsch-Lindemann, 
p. 598 note. 
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Let us next look at the Steinerian. We already know its order 
and genus; if we can find its class, the other characteristics will 
come easily enough. The Steinerian is the envelope of the 
line polars of points of the Hessian, so its class will be the 
number of non-singular intersections with a general first polar. 
At a node the Hessian has the same tangents as the original 
curve, so that it will meet a general first polar twice; at a cusp 
it has essentially a cusp and a simple branch; the cusp will 
meet a first polar three times, as we can verify from the equa- 
tion of the Hessian given recently, and the branch once, so that 
the total deduction is 4. 

Theorem 42] Jf a curve of order n have no singularities but 
nodes and cusps, and do not fulfil any of the conditions of theorem 
6], the Plicker characteristics of its Steinerian are* 


Ny = 3(n—2)* Ms = 3(n—1)(n—2)—25—4k 

P2—1=p,—1 = 3(p—1)4+:3(n—3)?+ 2x (8) 
The characteristics of the Cayleyan are more difficult to find. 
We shall limit ourselves to the case of a non-singular curve. 
We know the class and genus already; we are going to show 
that it has no inflexional tangents. Suppose that there were 
one, we take it as the y-axis, the point of contact being the 
origin. Let the distance to the corresponding point of the 
Hessian be (x5): Yq = Agx?-Layett.., 

then the coordinates of this point are 
XL, = 4, +¢ 080 Y1= Y3+¢sin 0 


tan 0 = dys _ 3a,x3+-4a,v3+... 
dx 


XL, = b)+b,25+... Y1 = 8a,%2+c,7$+.... 
Since the Hessian has no singular point, the y-axis would be 
a common tangent to the Hessian and Cayleyan, whereas we 
know by 35] that the two are harmonically separated by the 
tangents to the first polar, having a double point there. The 
polar would have to have a cusp there, and this would involve 
a singularity for the Hessian. 


* Cf. Wolfling, p. 43. 


158 COVARIANT CURVES Book I 


Theorem 43] If a non-singular curve of order n fulfil none of 
the conditions of theorem 37], the Plicker characteristics of the 
Cayleyan are 
Mz = 3(n—1)(n—2) = 6p p3= 4(3n—7)(8n—8)  t3=90. (9) 


§ 4. Covariants of two curves or envelopes 
Let us return to theorem 24] in the simple case where n’ = 1. 
We seek the locus of points of contact of tangents from a given 
point, not a centre of a pencil of curves, to the curves of that 
pencil. The point being (y), we write 
Aa®+ pb? =0 da®—Ila,+pb7-1b, = 0 
a,ar-1b" —b,azbn* = 0. (10) 
This goes through the point (y), the tangent there being the 
same as that to the curve of the pencil through that point, 


namely, an—1"-layb,—by(t,] = 0. 
This will not be a singular point for our locus. Let us change 
notation and write our curves 


0 = Ay + Gyy% +491 Y+Aagt? + 2ayty FAY" +... =f 


0 = by +b yo +bo1 Y +b 29%? + 261 ,2Y +b ny? +... = $ 
fing +nge+st|—$ aetn et =0 

The conditions for a double point at the origin will not involve 
the coefficients of any term above the second degree, and will 
be the same for the general case, and for the case where the 
curves are conics. In this latter case three conditions are im- 
posed. Hence, in general, three conditions are imposed and, 
following the corresponding reasoning in the case of the Hessian, 
we see that, in general, there is no singular point to our locus. 

Theorem 44] If a pencil of curves of order n have no fixed 
singular point, the locus of points of contact of tangents to them 
from a general point is, “in general’, a non-singular curve of order 
2n—1 and class 2(n—1)(2n—1). 

When will an inflexional tangent to a curve of the pencil go 
through a given point (y)? An inflexional tangent will touch 
the first polar of every point on itself, so that the inflexional 
tangents through (y) must be among the 2(n—1)(2n—1) tan- 
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gents from there to the new curve. We must deduct the tangent 
at (y) counted twice. We need make no deduction for lines to 
the singular points of curves of the pencil, for such lines are 
not singular tangents, while inflexional tangents are singular, 
but we must deduct the n? lines to centres of the pencil. 

Theorem 45] The inflexional tangents to the curves of a pencil 
with no fixed singular points will, ‘in general’, envelop a curve of 
class 3n(n—2). 

It is curious that this should be the same as the number of 
inflexional tangents possessed by a general curve of the pencil.* 

In equation (10) (y) appears to the first degree only; if, then, 
(y) trace a line, the corresponding curves (10) will describe a 
pencil. The centres are the n* centres of the original pencil, the 
2(n—1) points where curves of the original pencil touch the 
given line, and the double points of curves of the given pencil 
which we know from 21] are 3(n—1)? in number. As a check, 


n2+ 2(n—1)+3(n—1)? = (2n—1)?. 
Suppose that we have a curve f of order n, and suppose that 
the origin is in general position with regard thereto, which 
means, in the present case, 


a) it is not on the curve; 

b) it is not on the Hessian; 

c) it is not on a singular tangent; 

d) it is not on a tangent at a singular point. 


The origin will have the same first polar with regard to the 
given curve, and to a curve ¢ of order n if and only if 7 =e ue 
d = kf-+-n(2, Y); 
where 7 is a homogeneous polynomial of degree m in a and y. 
Geometrically this means that ¢ is a general curve of a pencil 
formed by the given curve and any set of n lines through the 
given point. Consider a line through the origin which does not 
go to a singular point of this pencil. How many curves of the 
pencil touch that line? By Chasles-Cayley-Brill there should 
be 2(n—1), but the origin itself will count as n—1 coincidences, 
by Zeuthen’s rule, theorem 16] of Ch. VIII. There are, thus, 
but n—1 curves of the pencil which touch the line, each having 
* Cf. Bouwmann, p. 259. 


160 COVARIANT CURVES Book I | 


n—2 other intersections with the line. The locus of these latter 
intersections, as the line rotates about O, shall be called a 
‘satellite’ of O with regard to the given curve. The satellite will 
not be altered if we replace f by any curve of the pencil 
kf-+-7=0. It would seem to depend on the choice of the lines 

n(z,y) = 0, but that is not the case. For instance, let us find 


where the satellite cuts y= 0, which we may take as a general 


line through the origin. We have an equation 
heb" (x) +a" = 0, 

and this is independent of the slopes of the lines of m(a, y). Hence 
we may speak of ‘the satellite’ instead of ‘a satellite’. We know 
by Bertini’s theorem 10] of Ch. VII that the curves of the pencil 
do not have variable singular points. The lines through the 
origin have no singular point but that one which is not singular for 
the other curves, hence the general curve has no singular point, or 
we may say f has none. The satellite will not go through O. 

Theorem 46] If from a point which does not lie on a curve of 
order n, nor on its Hessian, nor on a singular tangent or 
tangent at a singular point, tangents be drawn to the curve, their 
remaining intersections with the curve, besides the contacts, will lie 
on a satellite curve of order (n—1)(n—2), which will be unaltered 
of the original curve be replaced by any curve of a pencil determined 
by the first curve and any set of n lines through the given point. 

If the point (x, y) of the satellite be known, when z has been 
chosen, the point of contact (x’,y’) and the curve of that pencil 
are determined. Thus 2’ and y’ are rational functions of 2 and y, 


vy’ — (@Y) »_ Yh, y) 
x(@,Y) xx (x,y) 
Now let us see how (a’,y’) behaves near the x-axis, which we 
may take as an arbitrary line through the origin. 


Let % = Ay+a,t+aot?-+... 
y = 6,t+b, t+... 


op p 

ig) |= ol= 

1 #(4y, 0) (7) (") 

a ae oe Gilera: Hs, 
“ Bi 1% (4, 0) igani 


we X(Ap, 0) 0) 


oh. 
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As ¢ varies, (x’,y’) moves along the fixed first polar curve 


e = 0. If the satellite had a cusp, we should have a, = b, = 0, 
and the first polar would have a cusp not on the curve, and 
this we shall assume is not the case. A fortiori it could not have 
a more complicated type of singularity. 

The first polar of the origin will touch the x-axis when, and 
only when, it touches the satellite, but in that case it will touch 
the satellite (n—2) times corresponding to the one contact with 
the polar. This gives us the Pliicker characteristics of the satellite 

N, = (n—1)(n—2) mM, = (n—1)(n—2)? K,=0 
2(p4—1) = m+ Ky— 20, = (n—1)(n—2)(n—4). 
As a check* on this we note that between the first polar and the 
satellite we have a 1-to-(n—2) correspondence with no branch 
point, as we just saw; hence, since the first polar will usually 
be non-singular, we have 
,__ (n—2)(n—3) 
Genwi Oteeins 

Applying Zeuthen’s rule of Ch. VIII (12), 

2(p4—1) = [(n—2)(n—3)—2](n—2) = (n—1)(n—2)(n—4). 

Theorem 47] If a point be not on a curve of order n, nor on 
a singular tangent, nor on the Hessian, nor on a tangent at a 
singular point, and if its first polar have no singularity not on the 
curve, the Pliicker characteristics of the satellite are 

N, = (n—1)(n—2) M, = (n—1)(n—2)? i, == 0 
2(p4—1) = (n—1)(n—2)(n—4). 

Let us close this chapter with the study of a rather more 
complicated covariant of a curve and an envelope. Let the 
envelope f’ have the leading Pliicker characteristics n’, m’, and 
p’, while the curve has characteristics n, m, p. Let a variable 
tangent to the envelope meet the curve in m moving points. 


(n—1) 
2 


The tangents at these intersect in fe 


(11) 


other points, whose 


* The only article I have seen dealing with satellite curves is that of Kohn. 
His methods are entirely synthetic, and open to grave question on the score 
of rigour. His Plicker characteristics do not agree with these for he apparently 
evolves certain cusps out of his inner consciousness. Moreover, this check will 
not work when applied to his figures. 

3781 M 
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locus we wish to study. We shall assume that f and f’ have no 
common singular point or tangent, and that a singular tangent 
to the envelope, or tangent at a singular point, never passes 
through a singular point of the curve. 

To find the order of our locus, let P be a ee point on 

a straight line ‘in general position’. Through it we may draw 
m tangents to f, through each point of contact will pass m’ tan- 
gents to f’, each meeting f in (n—1) other points whose tangents 
meet our line in points P’. The relation between P and P’ is 
a symmetrical one, the number of coincidences is 2mm’(n—1). - 

From what will these coincidences come ? 


a) Intersections with the locus we are interested in. 

b) Intersections with common tangents to the curve and 
envelope. 

c) Intersections with the cuspidal tangents to f each counted 
m’ times. 

The desired coincidences count double, for close to each will 
be a point on two tangents to f, whose points of contact lie on 
two tangents to f’, each meeting f in a point whose tangent 
passes near the given point on the original line. The order of 
our locus is therefore 


ns = mm'(n—1)— “ (m+n) = m'[(m—1)(n—1)—p]. 
We next look for the genus. There is between this curve and 
fia ol correspondence. The branch points on f’ are 


the points of contact with common tangents with f, or tangents 
from the cusps of the latter, each counted (n—2) times, once 
for each other intersection with f. We thus get from (12) of 
Ch. VIII. 


2(ps;—1) = 


mn) f2(p'—1)]}4+-m'(m-+4)(n—2), 


‘—1)+m'(n—2)[n+p—1]. 


yen T) 
Pp—1 =p 


How could a cusp arise ? Consider two branches of ip 


Y = 4)+a,7+a,2?+.., 9 = b6)+b,%+5,22+.... 
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The equations of their tangents are 
— (Ay +4,0+ 4,2? +...) 
X—x 
(a,+2a,7-++...)X — Y = —ay+a_x?-+..., 
(6,+2b,%-+-...)X — Y = —b)+b,#?-+.... 


Solving simultaneously, we have 


= a,+2a,u--... 


_ __ %—5o , (4o—4p) OR 
sae a - asa (2a,%—2b,%)-+... 
A,by—Agd, , (Ap—Do 
y = Som 14 Come ©) [2b a,e—2a,baf]+.. 


A) The y-axis is a common eRe to f and f’. Developing 
x’ and y’ on f’ in terms of a single parameter ¢, we get x and & 
single-valued in ¢ also. 

“= pit+pel+... T= gt+Ql+.... 
Hence (X, Y) traces a simple branch, no cusp. 

B) The y-axis is a bi-tangent. Then there are two different 
developments, giving two different branches for (X, Y). 

C) The y-axis is an inflexional tangent. For x and & close 
to O we get two values of ¢: 


wv = ppl?+pst +... We = dol? + q5l?-+... e 
The (X, Y) curve has a cusp. 
D) The curve f has a node a, = bg, and the (X, Y) curve has 


a cusp. 
E) The curve f has a cusp: 


Pica 82 Y = G8? 87+... . 
Let the tangent to f’ be 
ta--y = (b,t-+bot?+...) 
ts? (ags?-++-a,83-L ...) = (byt bot?+...) 
t= 2 524 gas8+.., 
by 
Let teat: 
Then om [At brs. 
a2 


M 2 


ea ae 
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If we change ¢’ to —?t’ we get the second value of s corre- 
sponding to ¢. ; 

The tangent to f has the equation 


$ 
(asin, / 2 +...) x— Vice “ ( 3) t34rjt'4.... 


2 
The other tangent corresponding to —t’ is 


g 
(a1—ta, [2 '4..)X—Y = ae (2) t/34-7,t'4 


2 \a, 
X=A,jt*+At4+.. Y= B,t?+ Bot... 
X = Ajt+A,l?-+... Y = Bt+Bo+..., 
and there is no cusp. The number of cusps is thus 
Kees i = . +m’d. 


Theorem 48] Jf an envelope have the Pliicker characteristics 
n', m', p’ and a curve have the characteristics n, m, p, 8, x, t, and 
uf a singular tangent of the envelope meets the curve in distinct 
points, the intersections of tangents to the curve at points where it 
meets tangents to the envelope will trace a curve with the charac- 
teristics* 

ns = m'[(m—1)(n—1)—p], 


p= Op —1)4-m'(nt-p—1u—2)-+1, (12) 


Corollary] When the envelope is a point in general position, 
the characteristics are ; 


m= (m—1)(m—1—p pg = "= 9) 4 (p_1y(n—2) 


Kk, =. (13) 


* First found by Sisam. Zeuthen® discussed the case in the corollary, 


giving 
a wrong answer by overlooking the cusps that come from nodes. 


CHAPTER X 
METRICAL PROPERTIES OF CURVES 


§ 1. Centres of gravity 

THE great majority of the properties of curves which we have 
developed so far have been projective properties, i.e. those 
which are unaltered by a projective transformation of the plane. 
In some cases we have limited ourselves to real projective trans- 
formations, when we were studying real curves or real circuits. 
In Books III and IV we are going to study properties which 
are unaltered under the much wider groups of birational trans- 
formations of the whole plane, or of the curve alone. We have 
already seen that the genus has this sort of invariance. It is 
our present task, however, not to widen the group, but to 
narrow it, studying those properties which have to do with 
distances and angles, and so are invariant under the group of 
motions, but not under the projective group in general.* 

We must begin with certain algebraic theorems of very 
general nature concerning elimination. Suppose that we have 
two equations of degree » and n’ respectively in x and y, and 
wish to eliminate y between them. We first introduce a third 
variable z to make them homogeneous, as explained in Ch. I, 
and arrange in ascending powers of this variable: 

by (x, Y)+$n—1(2; Y)z+bn—2(2, ye se +9o(2, ye" c= 0, 
Py (2, Y) + Py s(x, y e+ Pr—o(a, yer fb pfo(2, yer = 0. 
Eliminating y by Bézout’s method of Ch. I (8), we get 
aye” ajar 124 ag FAL Any el = 0. 
The subscript, in each case, will be identical with the exponent 
of z. Moreover, as this resultant has been reached by a series 
of additions, subtractions, and multiplications, no one of which 
can depress any exponent of z, if the coefficients be perfectly 
general, the term involving z" in the resultant cannot come from 
higher powers of z in the two polynomials, and the subscripts 
of ¢ and % involved must be at least n—k and n’—k. This gives 

Theorem 1] Jf two polynomials with general coefficients be 

given, of degrees n and n’ respectively, the terms of degree nn'’—k 


* For an enumeration of Euclidean invariants see Weisner. 
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in the resultant, when one variable has been eliminated, will only 
involve coefficients in the original polynomials which are of degrees 
n—k and n'—k or greater respectively.* 

The most interesting application is to find the centres of 
gravity of the total intersection group of two curves. The 
abscissae of such points are given by the sums of the roots of 
the corresponding equations divided by nn’, and so will only 
involve the coefficients of the two highest terms in the x equa- 
tion. These, by 1], involve only the two highest terms in the 
given equations and so are unaltered when either curve is 
replaced by its asymptotes. 

Waring’s Theorem 2] If each of two curves meet the line at — 
infinity in distinct, non-singular points, and if all their inter- 
sections be finite, then if to each common point there be attached 
a weight equal to the number of intersections absorbed therein, the 
centre of gravity of these points is the centre of gravity of the 
intersections of the asymptotes.t 

Theorem 3] If a curve meet the line at infinity in distinct, 
non-singular points, no one of which is circular, the centre of gravity 
of the intersections with a circle depends on the position of its centre, 
but not on its radius. 

There is a point which plays a special role in centre of gravity 
theorems, namely, the tangential centre already defined in 
Ch. VI in what follows 12]. The line polar of a set of finite 
points is their centre of gravity, ie. the point polar of the 
infinite line. Let us write the equations 

“i (x ’ y) = 0, 
vy = +n =0. 

If we eliminate y we shall get an equation whose roots are 
the abscissae of the points whose tangents pass through the 
infinite point (a,,y,,0) as well as the nodes counted twice and 
the cusps three times. We saw in 15] of the last chapter that 
the line polar of a point with regard to a curve is its line polar 
with regard to the lines connecting two by two the points of 
contact of tangents from that point, so by duality the tangential 


* Cf. Fouret?, p. 259. 
+ Cf. Waring. I have not been able to see this article, only Terquem, p. 182. ~ 
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centre is the centre of gravity of the intersections of the asymp- 
totes two by two. On the other hand, if we look at the equations 
above, we see that if we replace f by the terms of two highest 
orders, i.e. the asymptotes, we get the same centre of gravity. 
The tangents to the asymptotes are the lines to their intersec- 
tions counted doubly. 

Theorem 4] Jf a curve meet the line at infinity in distinct, 
non-singular points, its tangential centre is the centre of gravity 
of the points of contact of tangents in any non-asymptotic direction 
plus the actual or virtual nodes each counted twice and the cusps 
each counted three times, or of the points of intersection of the 
asymptotes each counted twice. 

Let (x1, Y1), (%2; Yo)s-++3(Lm> Ym) be the points of contact of tan- 
gents making an angle @ with the horizontal. Then, since their 
centre of gravity is fixed, 


dx, dy, dx, re 
ae = 0 oe 780 
dx;,ds; _ dx,;ds; _ 
aera in 
ds, 


“ — p; = radius of curvature. 


do 
Let (&;,7;) be the corresponding centre of curvature 
&;=&,—p,sin0 =, = Y;-+p, C088 


Sande DeY-De Sande 


Theorem 5] If a curve meet the infinite line in distinct non- 
singular points, its tangential centre is the centre of gravity of the 
centres of curvature corresponding to tangents in a given direction, 
plus the nodes counted twice and the cusps three tumes. 

The relation between the point equation and the tangential 
equation of a curve gives another property of the tangential 


centre. Let the curve be f(x,y) = 0. 


To find the tangential centre we write 
af a ies af Vee af :wW 
Ox oy al 
Let the points common to these polar curves be (#1, 4), 
(3, Yo),.... There are two ways of finding the tangential equation: 


as VPA Seid One ~ “eee 
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1) We eliminate x and y between these and the equation of 
the curve. 

2) We eliminate x and y between these and (wa--vy+w) = 0. 

In the one case we have the condition that the point whose 
line polar we have is on the curve, in the second case that it is 
on that polar. We get from Ch. I (12) 


Uf(x;, Y:) = 0. p(u, v, Ww) 
Tl (ua,-+-vy;+w) = $(u, ¥, w). 
Taking the logarithmic derivatives with respect to wu, after 
the equations are made homogeneous, we get 


‘of Os 3 OF of OY, of =) 
> dx, Ou ' dy, 0u ° Oz; du _ 166 


S (4, si Zi) on. 


ek 
x; oe Tey 1 ap 
SS UL, + VY; + We, ee ea, ae ou 


= ees ae 


UV: W= 
Ox; "Oy; Oe 


X od 
paw a thtereie Pel ts eae — — , 1 
Thence os UL; + VY; + W2; ou (1) 


Here the right-hand side is the first coordinate of the point 
polar of the line (u, v, w) with regard to the curve, the left-hand 
side is the first coordinate of the same line with regard to the 
points (x1, 4), (%2,Ye),-.., le. with regard to those points that 
have the line as line polar. 

Theorem 6] Jf a line be not tangent to a curve, its point polar 
with regard to that curve is its point polar with regard to the points 
which have that line as line polar and with regard to the singular 
points counted as in the last theorems. 

Definition. A point whose line polar is the line at infinity 
shall be called a ‘centre’ for a given curve. 

Theorem 7] If a curve meet the line at infinity in distinct, 
non-singular points, its tangential centre is the centre of gravity 
of tts centres and of its nodes counted twice and cusps counted 
three tumes.* 

There is a theorem which is, in a sense, dual to Waring’s and 


* Cf. Roberts!, pp. 25 ff. 
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which we may deduce therefrom by a roundabout process. Con- 
sider the intersections of 


fley=0 g(x,y) rz = 


These shall be the points (%,, ¥;), (2, On .... Let the equation 


of the asymptotes of f be f,(x, y) = 0, and let their intersections 
1 with the other curve be (%,,9,), (€2,G.),...- 
[ Waring’s theorem gives 
> sect Soa > x, 2 ea p2 Vi: 
: The coordinates x;, y;, ;, J; are all functions of A, and if we 
{ substitute these values in the equations of the various curves, 
__-we get expressions in which are identically 0: 
of dae; af dye _ 
i ax, dA ' dy, dd 
i b , dh \dx, , (a ms) dy, , ab _ 
i & "ay, Sa at Gy oy) aa Tay, 
i aos wage 
, dx; as) OY; OY; di, as OY; t OY: t 
Bosegg grea) es) 
af, ) Hn ee ; Oy; } afi, f) X : OY; 
O(x;, Ys) OH; Ys) A(X, Y:) Ai, Yi) 
Putting A = 0 and remembering 
dx; en dz 
fer 
bibs ee 
Ox; Ox; sis Ox; OX; : 
of.) Of, b) 
(a5, Yi) O(%;,Y;) 
ES Cha ee 
(ee OY; OY; CY: CY; 
1 “ = . 
Similarly a(fod) af.) 
(5, Yi) O(&;, Ys) 
_. fo, af af , ay 2 
u ox; 0x; OY; OY; ie: ou, Ox; OY; OY 
ence apd) afd) 
A(&;, Y:) A(t, Yi) 
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The summation on the left covers all intersections of f and ¢, 
that on the right all intersections of f; and ¢, it being assumed 
that all are finite in each case. But these expressions are the 
cotangents of the angles of intersection, when neither has a 
tangent which is a minimal line. 

Theorem 8] If each of two given curves meet the line at infinity 
in distinct, non-singular points, and if no asymptote of one be 
parallel to an asymptote of the other, and if neither touch a minimal 
line at a point common to the two, then the sum of the cotangents 
of the angles which they make at their intersections is the sum of 
the cotangents of the angles the one makes with the asymptotes of 
the other.* 

Theorem 9] If two curves be given which fulfil the conditions 
of theorem 8], the sum of the cotangents of their angles is the sum of 
the cotangents of the angles of thewr asymptotes. 

Theorem 10] Jf a curve fulfil the conditions of theorem 8}, the 
sum of the cotangents of the angles which a line makes therewith 
is unaltered when the line moves parallel to itself. 

Suppose that one of the curves is a circle. If we replace it 
by its asymptotes, these are minimal lines. The cotangent of 
the angle which a minimal line makes with a non-minimal one 
is 4 or —?, according to which circular point the line goes 
through. This yields a really striking theorem: 

Theorem 11] Jf a curve fulfil the conditions of theorem 8}, the 
sum of the cotangents of the angles which it makes with any circle 
which 1s not tangent and does not meet it at a point of contact with 
a minimal tangent is 0. 

Let us find the polar reciprocal of this last theorem, recipro- 
cating with regard to the given circle. The angle between the 
curve and circle is equal to the angle subtended at the centre 
of the latter by the corresponding tangential segment of the 
circle and the polar reciprocal curve. The cotangent of this 
angle is, thus, the radius of the circle divided by the length of 
the common tangential segment. If we count the radius of the 
circle, when real, as positive, this segment will be counted 
positive when progress thereon from the point of contact with 
the circle to that with the curve corresponds to a positive rota- 
tion about the centre of the circle. The original curve was 

* Cf. Humbert!, pp. 352 ff. 
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restricted so as not to pass through a circular point at infinity; 
the transformed curve must not touch an asymptote of the 
circle. 

Theorem 12] Jf a curve do not pass through the centre of a 
circle, nor touch one of its asymptotes, the sum of the reciprocals 
of their common tangential segments, when properly oriented, 
a8 0.* 

The sceptical reader will be inclined to doubt the accuracy of 
theorems 10], 11], 12]. Suppose that we have contact between 
two curves, what then? The angles are 0 and have infinite 
cotangents, the reciprocals of the common tangential segments 
become infinite also. The difficulty is removed in both cases by 
considering the penultimate positions. The curves will have two 
angles close to 0 and z, the sum of the cotangents will approach 
a finite limit. In the same way the reciprocals of two common 
tangential segments will approach infinity positively and nega- 
tively together, and their sum go towards a definite limit also. 


§ 2. Foci 

Definition. A point of intersection of tangents to a curve from 
the two circular points at infinity, the points of contact being 
both finite, is called a ‘focus’ of the curve. As the circular 
inverse of a minimal line is a minimal line, we see that the 
inverse of a focus is also a focus. If the curve pass through the 
circular points we might be tempted to call the intersections of . 
the tangents there foci also. That would not be wise; the inverse 
points would not have the same property with regard to the 
inverse curve. Thus, the tangents to a circle at the circular 
points at infinity intersect at the centre, but the inverse of the 
centre of a circle is not, usually, the centre of the inverse circle. 
If a real curve of class m have multiplicity 7 at each circular 
point, the total number of foci is (m—2r)?, of which (m—2r) 
are real. 

Definition. A set of foci of a curve, of which one lies on each 
minimal tangent, but no two are on the same minimal tangent, 
are called ‘associated foci’. The real foci of a real curve are the 
most obvious example. A set of associated foci will be carried 
by inversion into another associated set. 


* Cf. Genese, p. 308. 
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How shall we find the coordinates of the foci? Let the equa- 
tion of the curve be flecy) =0. 
Then, if (a’, y’) be a focus, the curve is tangent to the two lines 

(y—y')=te—2') (yy) = —t(e—2"’). 
These will yield two equations: 
Prey )+IQ@,y’)=0; Paey)=0 QOxy')=0.. 

In finding them we must change 7 into —7 only where it 
comes in through the equation of the tangent line, not where 
it may be involved in the coefficients of the given curve. 


The problem takes a more satisfactory form when the equa- 
tion of the curve is given in tangential coordinates. 


(u,v, w) = 0. (2) 
y—y’ = +u(x—z') 
is tangent to the curve if 
H(i, —1,y’Fic’) =0, (3) 
A(x,y')=0 K(aiy’)=0. 


As an example, take the ellipse 


The minimal line 


a*u?-b*y2— w? = 0 
— a? bP = (yin) (a Lty’)? = aD? 
x'2—y'2 — q2—_ 52 gy 230, 

It is to be noted, for future use, that even as Néther’s theorem 
gives us the form for the equation of a curve through the inter- 
sections of two curves, so will its dual give us the tangential 
equation of a curve touching the common tangents to two 
curves. If, thus, (x,,¥,), (Xa, Y¥a),... be the coordinates of the foci 
of a curve, then the tangential equation of a curve with these 
and no other foci will be 


TI (ux,-+-vy,+-w)-+ (u2-+02)ym2(u, 0,0) =0. (A) 
i 
There is a good deal of advantage, in studying foci, especially 
real foci, in using minimal coordinates, i.e. 


2=aty 2 =2¢—iy. 


ee 
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Then (3) takes the form 
¢(—1, —i,z)=0. 
Let this polynomial be expanded to 
Age -a,2"-14-...+a,, = 0. 
The sum of the roots gives m times the first coordinate of the 
centre of gravity of the foci, and this is the root of the equation 
a4 
dzm-1 
On the other hand, if the tangential centre have the co- 
ordinates (€, 7), 
gm-1 
vive’ 


m—-1 
eaters L 3 2-+y) = bn (ety) =0 


E+ in = aly. 
This gives a pretty theorem due, apparently, to Siebeck:* 

Theorem 13] If a curve with real equation do not touch the line 
at infinity, nor pass through a circular point, the tangential centre 
as the centre of gravity of the real foci. 

We saw in 4] that the tangential centre was the centre of 
gravity of the points of contact of tangents through an infinite 
point. When we have lines through a finite point the theorem 
has to be modified. Let the radius vector from (x, y) on a curve 
to a fixed point (x’, y’) make an angle —0@ with the tangent 


cos | (e—x') Z + (y— y) Z| -+sino| @e— -2) 2 yw) Z]=0. 


= 0. 


$(u, v, w) = u-+on+-w = 0 


A node will be a solution of this equation counting twice, a cusp 
counting thrice. When @# 0 (mod7z), the highest terms are of 
degree n and come from the highest terms of /. 

Theorem 14] Jf a curve meet the line at infinity im distinct, 
non-singular points and do not pass through a circular point, the 
centre of gravity of those points where the tangents make a chosen 
angle, not congruent to 0 (mod 7), with the radit vectores from a fixed 
finite point, plus the nodes counted twice and the cusps three times, 
is the centre of gravity of the corresponding points on the asymptotes 
plus their intersections each counted twice. 


* Siebeck, p. 175. 
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Let us see how many of these points there are when the order 
of the curve is n and the class m. Through the given point take 
a line 7; this will meet the curve in n points, each with its 
tangent, so that through the given point will pass n lines making 
the required angles with their tangents. Conversely, if a line 
be given through our point, there are m tangents making there- 
with the given angle, and so n lines to the points of contact. 
We have among our lines a correspondence, with indices n and 
m, with n-++m coincidences, all desirable. 

Theorem 15] Through a point not on a curve of order n and. 
class m, and not on a minimal tangent, will pass, at most and in 
general, n+-m lines meeting it at an assigned angle, not congruent 
to 0 (mod7). 

When the angle is congruent to 0 (mod7z), of these lines 
become parallel to the asymptotes, the others are the tangents 
from the point. 

The position of the centre of gravity mentioned in 14] will 
usually vary with the point chosen. If, however, the asymptotes 
be minimal lines, every line making an assigned angle with 
them, is parallel to them, in other words, if a line approach a 
minimal direction as a limit, every line making an assigned 
angle with it will approach that same limiting direction. The 
points on the asymptotes whose centres of gravity we seek will 
tend to pass out of the picture, leaving only the intersections. 
At the same time the number of points on the curve where the 
tangents make a fixed angle with the radii vectores will come down 
to m, for, in the Chasles-Cayley-Brill correspondence formula 
just used, there will be n undesired coincidences in the minimal 
directions. We thus get from 4] and the limiting case of 14]: 

Theorem 16] If all of the asymptotes of a curve be distinct, but 
go through the circular points at infinity, and if the curve be not 
tangent to the infinite line, the centre of gravity of the points where 
at meets the radii vectores from an arbitrary point at a given angle, 
plus the nodes each counted twice and the cusps each counted thrice, 
is the tangential centre. 


§ 3. Products of distances 


The present section, like the first in this chapter, must start 
with an algebraic lemma or, rather, with three of them. 
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Lemma 1] If the polynomial 


ax” +-a,a"-1+...+a,_,7+4,, 
be divisible by 1--x?, then 
Ay—A,+a,—... = 0 a,—A,+a;—... = 0. 


The proof is immediate, and left to the reader. 

Lemma 2] If the polynomial written above be the sum of two 
others of its degree, then the expressions dy—dy+a,... and 
a,—a,-+a;... are the sums of the corresponding expressions in the 
two other polynomials. 

Lemma 3] In finding the expressions ay—a,+a,... and 
a,—a,+a;... we may disregard any part of a polynomial that is 
divisible by 1-+-2?. 

Suppose that we have a curve which does not go through 
a circular point at infinity. Let us find its intersections with a 
circle of radius 7 passing through the point (7p, yp) and then the 
product of their distances from (2%), ¥)) divided by (2r)”. It is 
well to use minimal coordinates: 


f(x,y) =Apy® t+ Ay" a+... $A, yeP 14+ Aart 
pboy”3+..+k=0 (5) 


=afiy f=2-i os elie = ee 
2=x-+1 2=4—1Y (eee 9 y a 
_ - (Sd get edad ig 
29 Oz 
Let the circle through (xo, y¥)) have the equation 
gets ie e Nag 
Pe—%)(@—%))-+9@—%9) + FE—4) =0 r= “Ft 
i jee q(2—2p) 
0 Pea) +E 


Substituting, we get 
ps OF q(z—%) oF tl 
BOB. OP G2) ton 
Clearing of fractions: 


= oF 
P(e, 29+ veeae Pe pan (2—Z)2” (i 
0 
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For the product of the roots we have 
F(Z, 29)¢” : 
prt 
ony 


T(@—#) = (—1)" 


The product of the distances from (a,¥Yo) to these inter- 
sections is 


rea ls 


pr Ok oF 
Czy O% 


pin (2r)"f (Xo, Yo) - ‘ 
N(A,>—A,+A,—...)?+(A,—A3+A5—...)? 


Theorem 17] If a curve of order n passing through no circular 
point at infinity have the equation 


f(a,y) = Age? + Ax"... FAY" +b 0" 1+ b ary +... tk=0 


the product of the distances from a point (a9, Yo) to the intersections 
with a circle through it divided by the nth power of the diameter is 


si (Xp, Yo) 2 (7) 
W( Ap Ag+ 4e-..) Ay Agt ag) 

Definition. The expression (7) is called the ‘power’ of the 
given point with regard to the given curve.* 

Let us seek the product of the distances from a point to the m-+-n 
points on a curve where the tangents make assigned angles with 
the radii vectores. The desired angle being 0, we have three 
equations: f(x,y) = 0, 


sind | (e— me (Y—Yo) Z| — Je =m) + y— Yo) if eos 00, 


(x—2)*+ (Y—Yo)*—p* = 0. 

We must eliminate # and y and seek the product of the roots 
of the resulting equation in p. This product will vanish in two 
cases only: the point lies on the curve, or the line from there to 
one of the m+n points is minimal. But a minimal line and a 
non-minimal tangent cannot make an assigned angle; the pro- 


* This concept is due to Laguerre,? p. 20. He uses the radius of the circle 
instead of the diameter, and gives no proof. : 


Chap. X PRODUCTS OF DISTANCES 177 


duct would only vanish if the point (a, y)) lay on a minimal 
tangent. The left side of the equation of the minimal tangents 
is the product of the squares of the distances from an arbitrary 
point to a complete set of foci. Hence the product of the 
squares of the distances to these m-+-n points which is of degree 
2(m-+7) in (2%, Yo) vanishes with the square of the power of 
(%, Yo) and with the product of the squares of the distances to 
a complete set of foci. The product will become infinite only if 
one point go to infinity. When 6 = 0, n of the points go off to 
the ends of the axes, but the limit of the distance multiplied by 
sin 6 remains finite; hence the product of the distances becomes 
infinite with sin”@. There remains a constant factor, which we 
find to be unity by taking the case where 6 = 0 and the curve 
is n lines. 

Theorem 18] If a curve meet the infinite line in distinct non- 
singular and non-circular points, the product of the distances from 
a general point to those points of the curve, where the tangent makes 
an assigned angle, not 0, with the radius vector, 1s the power of 
the point with regard to the curve, multiplied by the product of its 
distances from a complete set of foci, and divided by the sine of the 
given angle raised to a power equal. to the order of the curve.* 

When @ = 0, as before, n of the points go off to the ends of 
the asymptotes. 

Theorem 19] If a curve meet the line at infinity in distinct 
non-singular and non-circular points, the product of the tangential 
segments from a point to the curve is equal to the power of the 
point, multiplied by the distances to a complete set of foci, and 
divided by the product of the distances to the asymptotes. 

Theorem 20] If a curve be related to the line at infinity as in 
the last example, the product of the normal distances from a general 
point thereto is equal to the power of the point with regard to the 
curve, multiplied by the product of the distances to a complete set 
of foci. 

Theorem 21] If a curve be related to the line at infinity as in 
these examples, the product of the distances to the points where the 
tangent makes an assigned angle, not 0, with the radius vector, 1s 
the product of the normal distances divided by the nth power of 
the sine of the angle. . 

* Laguerre,® p. 21, for this and the two following . No proofs are given. 

3781 N 
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§ 4. Sums of angles 
This section, like the preceding one, must begin with an easy 
general theorem. We begin with the easy trigonometric pro- 
position that, if we have given angles 0,, 4,,...,0,,, 
__ > tané,—> tan 6, tan 6, tan 0,+... 

1—> tan 6; tan 0,;+... 


If these tangents be roots of the equation 
A,tan"0+ A,tan”10+...+A4, =0. 

A,—A,+A;—... 

A,—A,+A,—... 


tan > 0; = 


Then tan > 0; = — 


We thus get from lemma 3]: 

Theorem 22] If the tangents of a system of angles be the roots 
of a polynomial in tan 6, in finding the tangent of the sum of these 
angles we may omit all parts of the polynomial with the factor 
1+tan?0. 

We next seek the tangents of the half-angles made with the 
x-axis by radii vectores from the origin to the intersections with 
a circle of radius r and centre at O. We introduce polar co- 
ordinates: 


1? 2r ; 2rt 
t= 7 Cos 0 — 7 = — eae ils 6 = Se ees 
pwr ada er eee a a ar 
pene 
Za 


Substituting in the equation of the curve, we get 
Oil?” +- a8?" tay, 
= (1+ #)4(t)-+(2r)"[A AL, ely: y ‘) 

At this point we must walk most circumspectly. When n is 
even, the a’s with even subscripts go with the A’s with even 
subscripts, and we have 

Oy = Og Og se aie —A;+A;— 
Olg— Ag+ 14 —.. AS ay 2 +A,— 
When, however, is odd, we have even aban in one case 
going with odd in the other, so that 
Be ae a ee Ap Ant Ay... 
Xp — Wat Og— one A,—A,;+A;—...’ 
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which means that the tangent of the sum of the angles is 
equal to plus or minus the cotangent of the sum of the half- 
angles. 

Theorem 23] If a curve have the relation to the line at infinity 
required in recent theorems, and if it be of even order, one-half the 
sum of the angles which a fixed direction makes with the radii to 


the intersections with any circle will differ by an even multiple of 5 


from the sum of the angles which this direction makes with the 
asymptotes. 
Theorem 24] When the order is odd, the difference is an odd 


multiple of x 


Suppose that we have two curves, and that we know a com- 
plete set of foci of one. We write them 


$y =U (ua, toy tw)+(u2+o%,=0 x=0. 


Let us find the sum of the angles which the x-axis makes 
with their common tangents. Eliminating w, let the resultant be 


Aum + A,umm’-lyt AL yum. 
We then seek the expression 
_A,—A,+A5—... 
A,—A,+A,—... 
This will be unaltered if we replace the first curve by its foci 
of this set. 

Theorem 25] Jf two curves have the relation to the line at 
infinity frequently mentioned in recent theorems, the sum of the 
angles which an arbitrary direction makes with their common 
tangents is the sum of the angles which it makes with the tangents 
to one from a complete set of foci of the other. 

Theorem 26] The sum of the angles which an arbitrary line 
makes with the common tangents to two curves situated as above 
is the sum of the angles with the lines connecting a complete set of 
foct of one with a complete set of the other.* 

Tn these theorems a common multiple tangent must, of course, 
be properly weighted. 

We may extend these theorems a bit as follows. Given two 

* Cf. Humbert’, p. 359. 
N2 


os —— 
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curves of which one has a complete set of foci included among 
the foci of the other, 


$, = U,(ux,+vy,+w)+ (w+ v7), = 0, 
$2 = Ty (ua,+-vy,+w)I1,(ua,+-vy,+w)+ (w+?) = 0. 
Let us find the sum of the angles which the x-axis makes 


with the common tangents of ¢, and a curve A¢.+px = 0. 
We must eliminate w between 


$,=0 Abo+ eX = 9; 
or between 


$,=0 A(u?-+-v?)[.— IT, fy ]+ hx = 0, 
or finally between nae 
A 


v= 0. 

Theorem 27] Given three curves with this relation to infinity, 
of which the first has a complete set of foci included in a complete 
set of the second. Then the sum of the angles which an arbitrary 
direction makes with the common tangents of the first, and a curve 
linearly dependent in line coordinates on the second and the third, 
is independent of the curve chosen in that system. 

A point, looked upon as an envelope, is its own focus; this 
gives: 

Theorem 28] The sum of the angles which a fixed direction 
makes with the tangents to any curve in a system limited as above, 
and linearly dependent in tangential coordinates on two given 
curves, from a focus of one curve of the system, 1s constant, and 
equal to the sum of the angles which the direction makes with lines 
from this focus, to a complete set of foci of any curve not including 
this particular point. 

Theorem 29] Given a set of curves of a given class linearly 
dependent on two in tangential coordinates, the general curve being 
related to infinity as above, the locus of a continuously moving 
complete set of foct of these curves has the property that, if a finite 
point thereof be connected with any one set of foci, the sum of the 
angles these lines make with a given direction is constant. 

This theorem may be generalized as follows, remembering 25] 
and 27]: 

Theorem 30] If a complete set of foci of a curve be a complete 
set for a curve of a system linearly dependent on two in tangential 
coordinates, the original curve and the general curve of the system ~ 
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being related to infinity as above, then the sum of the angles with 
a fixed direction made by the common tangents of the first curve, 
and a general curve of the system, is constant.* 

There are angle-sum theorems connected with asymptotes as 
well as with foci. Suppose that two curves, related to infinity 
as above, have the same intersections with a given circle. We 
write their equations 


Fe, y)=0 f(x,y) +? +y?+prt+qyt+shp(x,y) = 0. 

The terms of highest degree give the direction of the asymp- 
totes; these will differ in the two cases, by a polynomial having 
(x?+-y?) as a factor: 

Theorem 31] If two curves of the same order, subject to the 
restrictions at infinity usual in the present chapter, meet a circle 
in the same points, the sum of the angles which a given direction 
makes with their asymptotes is the same. 

The only function of the circle in this theorem is to pass 
through the circular points at infinity, and thus have the factor 
x?-+-y* in the terms of highest degree. Any other curve through 
_the circular points will do that: 

Theorem 32] If two curves of the same order, subject to the 
present restrictions at infinity, meet a curve through the circular 
points in the same non-singular points, the sum of the angles 
which an arbitrary direction makes with their asymptotes is the 
same.t 

Let us try to transform 27], when the first two curves have 
a common complete set of foci, by polar reciprocation in a circle. 
Two curves with the same foci have the same minimal tangents, 
and so go into two curves having the same intersections with 
two minimal lines through a point O. The angle which a common 
tangent makes with a given direction, goes into the angle 
at O made by a line to a fixed point and to a point of inter- 
section: 

Theorem 33] If two curves of the same order, neither of which 
passes through a point O, nor has a singular tangent through there, 
have the same distinct intersections with the minimal lines through 
that point, then the sum of the angles with a fixed line through 
O made by lines to the intersections of the first curve and a third 


* Ci. Michel, p. 173. + Cf. Humbert’, p. 261. 
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general curve, having the same restrictions with regard to O, is equal 
to the corresponding sum for the second and third curves.* 

It is very easy to generalize this theorem by means of a linear 
transformation, if we remember Laguerre’s theorem that the 
angle between two lines is a constant multiple of the logarithm of 
the cross ratio they make with the minimal lines through their 
intersection. An angle sum is, thus, the logarithm of the product 
of a number of cross ratios. If, then, we transform three con- 
current lines projectively into oblique x and y axes, and the line 
a—y = 0, we have for the cross ratio of the three with a line 
from O to the point (x, y) 

x  Distfrom PtoOY _ sinPOY 
y Distfrom PtoOX sin POX’ 

Theorem 34] Given two curves of the same order, neither of 
which passes through a given point O, nor has a multiple tangent 
through there, but which have the same intersections with two non- 
minimal lines through there, then, if they be brought to intersect 
a third curve, the product of the ratios of the distances from the 
intersections of curves 1 and 3 to the two lines is the same as the 
corresponding product for the curves 2 and 3. 

This theorem takes a still better form when the two lines are 
mutually perpendicular; the ratio of the sines is then the re- 
ciprocal of the slope of the line OP. 

Theorem 35] Given two curves of the same order, neither of 
which passes through a given point O, nor has a singular tangent 
through there, but which meet vertical and horizontal lines through 
O in the same non-singular points, then, if they be brought to 
mtersect a third curve with the same restriction as to O, the product 
of the slopes of the lines from O to the intersection of curves 1 and 
3 is equal to the corresponding product for the curves 2 and 3. 

We have not yet finished with the foci of a curve; their pro- 
perties are numerous and varied. We saw in Ch. IX, theorem 
12], that the line polar of a point with regard to m pairs of 
lines is its line polar with regard to its m polars with regard to 


* Cf. Fouret®, p. 45. Cuny devotes a whole short volume to the particular 
case where one of the curves is a set of lines. He says in his preface that his 
book was largely composed under war conditions, in an observation post, 
while faithful Poilus were on watch, &c. This explains his ignorance of the 
work of his predecessors. 

t Fouret?, p. 42. 


Chap. X SUMS OF ANGLES 183 


the various pairs. The polar of a point with regard to a pair 
of minimal lines is the line through their intersection perpen- 
dicular to the line connecting that with the given point. The 
minimal tangents to a given curve are the common tangents to 
that and the circular points. We thus get from IX 14] and 12]: 

Theorem 36] The line polar with regard to the lines through 
a conuplete set of foci of a curve fulfilling the conditions often men- 
tioned in this chapter, perpendicular to the lines from these foci to 
the given point, is its line polar with regard to the normals to the 
given curve at the points of contact of tangents from the given point. 

Let us find the loci of foci of certain simple sets of curves. 
First take a pencil of curves of order » with finite centres, the 
general curve being of class m. If we draw tangents to these 
various curves from the two circular points, and find the order 
of the locus of their intersections, by finding how many of its 
points lie on a given line, a simple application of the Chasles- 
Cayley-Brill formula gives 4mn as the answer. From this, how- 
ever, we must subtract undesired coincidences. 2(n—1) curves 
of the pencil touch the line at infinity, and there will be 2(n—1) 
infinite coincidences. A linear transformation will show that 
each of these counts only once. The order is, really, 

4m(n—1)—2(n—1) = 2(2m—1)(n—1). 

As a check, let us see how often the curve meets the line at 
infinity. When a curve of the pencil touches the line at infinity, 
one tangent from each circular point becomes the infinite line, 
the other m—1 become tangents at that circular point to the 
locus sought; this latter has, therefore, a multiplicity of 
2(m—1)(n—1) at each circular point; it also passes simply 
through each point of contact of a curve of the pencil with the 
infinite line: 

4(m—1)(n—1)+2(n—1) = 2(2m—1)(n—1). 

With regard to m, we note by Bertini’s theorem 10] of 
Ch. VII, if there be n? common points m = n(n—1). 

Theorem 37] If a pencil of curves of order n be given, the 
general curve being of class m, and if there be no infinite centre to 
the pencil and no curve touch the infinite line at a circular point, 
the locus of their foci is a curve of order 2(2m—1)(n—1) with the 
multiplicity 2(m—1)(n—1) at each circular point. 
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Let us next take a set of curves linearly dependent in tan- 
gential coordinates on two curves with the relation to the line 
at infinity usual in this chapter. This locus is an old friend. By 
Chasles-Cayley-Brill, this is a curve of order 2m—1, for we have 
an m-to-m correspondence on a general line, with one undesired 
infinite coincidence. One curve of the system touches the in- 
finite line. There are m—1 other tangents to this from each 
circular point, hence each circular point has the multiplicity 
m—1; the curve also meets the infinite line at the point of con- 
tact with one curve of the system. If A,, A,,... and B,, Bg,... be 
two complete sets of foci thereon, and P a general point of the 
curve, we have, by 29], 

> A,PB,;=0 (mod zn). 

Suppose, conversely, that a curve has the property that the 
sum of the angles from a variable point P to two fixed groups 
A,, A,,...; B,, By,... fulfils this condition. Let the group A,, A,,... 
have coordinates (x,,¥4}), (%2,Y2)... while B,, B,,... have coordinates 
(21,Y;), (€,Y4).... Let P, a given point of the curve, be the origin. 

Take two curves of the same class with (2,, 4), (%, Yo)... and 
(71,41), (%, yg)... a8 complete sets of foci: 

$1 = W(ua,+-oy,-+-w) +(u2-+0)b, 
ba = I (ua, +-vy;+-w)+ (w+ 0? py. 

Let us show that a curve of the system 


b1—pby 


has a focus at the origin. 
Let au” —+-ayu"—ty+...+a,,0™ = TI (ux,+vy;) 
agu™-a,u™—ly-+...-asu™ = I (ua) vy’). 


By hypothesis 


_ GaAs tas—...  —— &y —a3++45—... 
Ay—Ag+a,—... a)—a,+a,—... 
Let a,—a3+a;—... — Ay—A,+a,—... nie p 
/ , 
a;—A3+a4;—... G@—a,+a,—... 


(4, —@3++-45—...)®4+-(ay—Ag+A4—...)? 
= p*l(a;—a5-+a;—...)?-+(ah—af tai —...)] 
I (xi+-y?) = pPll (a?--y?). 
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Then ¢,—p¢, has a focus at the origin, a generic point of the 
given curve. 

Theorem 38] If two curves of the same class m have the relation 
to the line at infinity frequently mentioned in this chapter, and if 
they share no minimal tangent, the locus of the foci, or a complete 
set of foci of curves linearly dependent on them in tangential co- 
ordinates, is a curve of order 2m—1 with the multiplicity m—1 
at each circular point. It is a locus of points such that the sum 
of the angles subtended thereat by corresponding foci of two com- 
plete sets is congruent to 0(mod7). 

Theorem 39] The locus of points whence m given line segments 
in general position, none of which is minimal, are seen at angles 
whose sum is congruent to 0 (mod z), is a curve of order 2m—1 with 
a multiplicity m—1 at each circular point. It is the locus of the 
foci of curves linearly dependent, in tangential coordinates on two 
curves having the extremities of the given segments as two complete 
sets of foci.* 


§ 5. Polars 
The polar curves discussed in previous chapters are principally 
important because of their covariance under the group of pro- 
jective transformations. Some of them, however, have metrical 
properties that are worth notice. 

The point that divides in the ratio —é,/é, the segment from 
(7, y) to (a y’) has the coordinates 


gw tee sy’ +604 
Eté, ” both 
or, in homogeneous form, 
Et + box: Eto t+ Fete: €)05+Soirs. 
Let (x) be on the (n—r)th polar of (a’) with regard to a} = 0. 
Then, if our new point be on the curve, 
Era™, + né™lé,am1a,+...+€5az = 0 decane 0, 

Remembering the relations of roots and coefficients of an 


equation, i> gi j 
Seales = 


/ 


* Cf. Darboux, p. 74. 
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If (x’) be a point (0), (w) a point of this polar, while the inter- 
sections of OP with the original curve are Q,, Q»..-, 


SCE 


Theorem 40] If a point P be on the (n—r)th polar of a general 
point O with regard to a curve of order n, and if the line meeting 
them meet the curve in the points Q,, Qs..., then 


PO) (PQ) 
D(oa)loa)-=" ie 
where the summation includes all sets of r different indices. 
Dividing through by 
PO POE ®, 
0Q,0Q>...0Q,, ° 
0Q,0Q5... 
> Paree POPO.. Ms (9) 
the summation including all sets of n — r different indices. 
Let us take the first polar, r= n—l, 


> Po eri (10) 
Since 0Q;= PQ,—Po, 
1 1 1 
PO n4PQ,; ee 
For the line polar 7 = 1, 
1 1 1 
P mh 00s ie 


Theorem 41] The line polar of a finite point is the locus of 
points, the reciprocals of whose distances from the given point is 
the average of the reciprocals of the distances from the latter to the 
intersection of lines through it and the given curve. 

We have already defined a point whose line polar is the line 
at infinity as a centre of our curve. When P is infinite, we have 


00, =° (13) 


Theorem 42] If through a centre of a curve a non-minimal line 
be drawn, the sum of the reciprocals of the distances from the centre 
to the intersections is 0. 


q 


¥ 


ey 
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The general curve of order 7 has (n— 1)? centres, whose centre 
of gravity is the tangential centre by 7] of the present chapter. 
Let us take this point as the origin. Then, in tangential co- 
ordinates, there will be no terms of the first order in wu or v. 
Hence, if w and v be fixed, i.e. if we take tangents in a fixed 
direction, the sum of the corresponding w’s, i.e. the sum of the 
distances of these tangents from the origin, is 0. 

Theorem 43] If a curve meet the infinite line in distinct non- 
singular points, its tangential centre is the centre of gravity of 
intersections of lines through that centre and tangents in any given 
direction. This property 1s shared by no other point. 

If we reciprocate a curve with regard to a circle, the foot of 
the perpendicular from the centre of that circle on a tangent 
is the inverse of the point reciprocal to the tangent. If we take 
a centre of the curve as a centre of reciprocation, and the radius 
as unity, so that the distances to a point and its polar are 
reciprocals, we get from 42] and 43] 

Theorem 44] The polar reciprocal of a curve in a circle whose 
centre is one of its centres 1s acurvewith that point as tangential centre. 

Suppose that the point O whose line polar we seek goes off 


to infinity: Syren 
ae On 


Theorem 45] The line polar of an infinite pownt, not on the 
curve, is the locus of the centres of gravity of intersections with 
lines through that infinite point. 

We shall call a line of this sort a ‘diameter’. Let R be an 
infinite point, S the intersection of its line polar with the infinite 
line; let the line polar of S meet the infinite line in FR’, in general 
different from R. Conversely, if R’ be given, its first polar 
meets the infinite line in (n—1) points S, and the first polar of 
each meets the infinite line in (n—1) points R. We have thus 
a correspondence of indices 1 and (n—1)?, with n?—2n--2 co- 
incidences. We discard n of these which are at the ends of the 
asymptotes, but only count simply. If we take the line polars 
of R and S as a pair of oblique axes, then for each a, the sum 
of the corresponding y’s will be 0, and for each y the sum of 
the corresponding x’s will vanish, so that the equation of the 
curve will have no terms of degree n—1 in w or y, a canonical 
form for the equation. 
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The first polars of the infinite points form a pencil of curves, 
all passing through the centres of the curve. A typical first 


polar will be of ee of 
y ay 
The centres of this latter curve satisfy the equations 


, ef US oe pan aeale at 
acre TY pep ere ae Bae Oe 
it Moat Ape Bi oa Wg (14) 
ox2 oy? \dxdy ; 7 


This gives a rather curious theorem due to Lucas:* 

Theorem 46] The locus of the centres of the first polars of points 
of the infinite line is the locus of points whose conic polars are 
parabolas or pairs of parallel lines. 

Let us find the intersections of the line 


Uae 
with the first polar of its infinite point (1, /, 0): 


2 ee ce : (15) 


Theorem 47] The locus of a intersections of a set of lines 
through a finite point with the first polars of their various infinite 
points is a curve of the same order as the given curve, with the same 
asymptotic directions. It will meet the given curve only at the ends 
of the asymptotes, and at the intersections with the first polar of the 
given point. It will pass through all the centres of the given curve. 

If the origin be a centre, the equation of the curve will lack 
terms of the first degree in 2 and y. In (16) the lowest terms 
in x and y are quadratic or higher. 

Theorem 48] T'he curve corresponding to a centre by theorem 47] 
will have a singular point there. 

If our radiating lines pass through (x, y)) instead of passing 
through the origin, (16) is replaced by 


(x19) L + y—yo) a: 0, (16) 


where x and ¥» appear to the first degree. Eliminating one of 
them between this and the equation of a straight line, we get 


* See Lucas for this and the remaining theorems of the present section. 


4 


: 
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Theorem 49] If a point trace a finite straight line, the curves 
corresponding thereto under 47] will trace a pencil. The centres 
of this pencil are the centres of the curve, the ends of the asymptotes 
and the (n—1) points where the given line meets the first polar of 
its infinite point. 

As a check we notice 

n? = (n—1)?+n+n—1. 


§ 6. Transversals 


Let the equation of a curve in oblique coordinates be 


Ei (x, y) = 0. 
Changing origin to (29, yy), but leaving the direction of the axes 


pe There We EON a ay) ot F(%o: Yo) = 9. 


Setting y = 0, the product of the roots will be f(x, yp) divided 
by a quantity independent of x) and yo, and the same is true 
when x«=0. Hence, the ratio of these two is independent of 
% and yo, though depending on the direction of the axes. 

Newton’s Theorem 50] If each of two non-parallel transversals 
with non-minimal directions meet a given curve in finite points 
only, the ratio of the products of the distances from the two sets of 
intersections to the intersection of the lines is independent of the 
position of the latter point.* 

Theorem 51] When the curve described in 50] meets the infinite 
line in distinct non-singular points, the ratio described will be 
unaltered if the curve be replaced by the asymptotes, or lines parallel 
to them, or any curve of this order with these asymptotic directions. 

Suppose that we have a finite polygon with no sides on mini- 
mal lines, and apply Newton’s theorem to each vertex in turn. 
If a vertex have the coordinates (29, yy) with respect to a fixed 
set of rectangular axes, and if the direction of the oblique axes 
correspond to angles ¢, and ¢., the product in question will be 


{(cos $1, 8in $1) 
f(cos $y, sin $2) | 
Going around the polygon and multiplying the results to- 
gether, the product will be 1. 


* Newton seems to have proved this only for a cubic Cf. Newton, vol. iii, 
p- 250. 
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Carnot’s Theorem 52] If P,,P,..., be the vertices of a finite 
polygon with no minimal sides, and if the side P,P; meet a curve 
in Py31, Pyjg...) then*® 

TP, Pio MP Pop i. Py Pri 
4 4 4 


18 a 


= i (17) 


Of course, if a side of the polygon be tangent or pass through 
a multiple point, we shall have to weight some of the distances 
thereon suitably. 

If we take two points (a, Yo) and (x,,y,) and draw parallel » 
transversals through them, the ratio of the products of the 
distances on the two will be 


So; Yo) 
f(@.%)’ 
and this is independent of the direction of the transversals.} 

Theorem 53] If through two finite points parallel transversals 
be drawn which are not minimal lines, nor parallel to asymptotes 
of a given curve, the ratio of the products of the distances from the 
two points to the intersections of their respective transversals with 
a given curve is independent of the direction of the transversals. 

These last two theorems enable us to solve some simple 
problems in construction.{ Let P be a point near a given curve, 
Q an arbitrary point in the plane. Draw two arbitrary lines 
through P, and two through @ parallel thereto. Newton’s 
theorem enables us to tell the direction of the line connecting 
the two intersections that are close to P and so, in the limit, 
the direction of the tangent. 

Let P’ and R be two points of this tangent, the former close 
to P, which is now supposed to be on the curve. P’Q shall 
meet the curve in P close to P. The circle tangent to PP’ at 
P and passing through P shall meet P’Q again in Q, so that 


(P’P)?= P'P. P’Q. 
We may eliminate (PP’)? and P’ P between this equation and 


(17) applied to the triangle P’QR, and thus find P’Q or, in the 
limit, PQ, which enables us to construct the osculating circle. 


* Cf. Carnot, p. 287. + Chasles?, p. 324. 
{ Lucas, pp. 100 ff. 
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§ 7. Evolutes 

The evolute of a curve is the envelope of its normals, or the 
locus of the centres of curvature. When the original curve is 
algebraic, so is the evolute. The first thing to do is to find its 
Pliicker characteristics. 

We shall determine the order of the evolute by seeking its 
intersection with the line at infinity. The centre of curvature 
will be at infinity when the point in question is an inflexion, or, 
perhaps, when the point in question is at infinity itself. Let us 
take a finite inflexion at the origin 

Yy = 0,x?+0,04+.... 

The homogeneous Cartesian coordinates of the corresponding 

centre of curvature are 

pt = xy”—y'(1+y"?) = 30,27-... 

pPJ = yy" +(1+y") = 1+b,et-+... 

p29. = 6c,%-++.... 
This shows that the evolute will meet the infinite line simply 
at the end of the x-axis. 

Let us assume that our original curve meets the line at infinity 
in distinct non-singular points, and that the asymptotes have 
two-point contact. 

Let the y-axis be such an asymptote. To find the corre- 
sponding power series, development beginning with homo- 


geneous coordinates. Then, instead of having a as a power 


series in terms of — or vice versa, we shall have — as a power 
@ y 


series in —, 1.e. 
y 


x 22 28 
- =A, — +a = +..., 
pine. fa ty 

or == = Se ie | Sali 


Then we find the homogeneous coordinates for the correspond- 
ing point on the evolute 
= op tae a7 o1g2?-... 
y Box? + gv... 
ye? +.... 


I 


aS 
I 
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A horizontal line meets the curve twice at the end of the 
a-axis, but the line at infinity meets it three times there. There 
is, then, a cusp at the end of that axis, the infinite line being 
the cuspidal tangent. This gives the order of the evolute. 

To find the class we have merely to see how many normals 
pass through a general point, and this we found in 15] to be 
m+n. Finally the genus is that of the given curve, for they 
correspond birationally. 

Theorem 54] If a curve of order n, class m, and genus p Fee 
the infinite line in distinct non-singular points, none of which is 
circular, and if the asymptotes have two-point contact, the leading 
Plicker characteristics of the evolute are 

n' = 3n-+e m’ =m+n Pp =p vce Dea a thS) 

It is particularly noticeable that there are no inflexions. The 
evolute may well have complicated singularities, in which case 
the genus will have an interpretation to be worked out in a 
subsequent chapter. Of the m-++-n tangents to the evolute from 
a circular point, coincide with the infinite line, the points of 
contact being the infinite cusps, the other m are the minimal 
tangents to the original curve, which are both tangents and 
normals. 

Theorem 55] A curve of the sort described in 54] has the same 
foci as its evolute. 

If the centre of a circle of fixed radius move along a certain 
curve, the envelope is defined as a ‘parallel’ to that curve. The 
parallel is usually irreducible when the original curve is, for the 
two points of contact of a circle with an adjacent circle are not 
usually rationally separable. In some cases the parallel curve 
is reducible, as when the locus of the centres is a straight line 
ora circle. Let the equation of the curve traced by the centre be 


SE, 7) = 0. 
For a parallel curve we have 
ro of 
"oe So 
98 ae Oa eee OY eS # 


ie "(eae 


Eliminating € and 7 we have the equation desired. Let us 


find its Pliicker characteristics, assuming that the original curve . 


1, an 
4 

im 

A 
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has the restrictions mentioned in 54]. There is clearly a point 
of the second order at the end of each asymptote of the original 
curve. If the tangents fell together in general, they would in 
the particular case where the centre traced a straight line, but 
we know that in that case they certainly do not. Hence there 
is a node at the end of an asymptote. If the parallel curve meet 
the infinite line again, it must be at one of the circular points 
at infinity. Consider the system of circles 


[e—E() P+[y—n) P =r? 
To find their envelope, we differentiate to t: 


[~— f(t) + [y—n O10 = 0. 
We could only have infinite values for x or y with a finite 
£, n when E24 9/2 — , 


that is to say, when the locus of the centre has a minimal 
tangent. We get from this two important facts: 

A) When the minimal tangents to the original curve are dis- 
tinct, the parallel curve has an ordinary singularity of order m 
at each circular point. 

B) Two near circles of the same radius are tangent when, 
and only when, their line of centres is minimal. Hence the 
points of contact with the minimal tangents are the only branch 
points of the one-to-two correspondence between the original 
curve and its parallel. We have first of all the order of the 


parallel n! = 2(m-E-n). 
We get from VIII (14) 
2m-+4(p—1) = 2(p’—1) 
p =2p+m—1. 
Since parallel curves have the same evolute, an inflexion of 


the original curve will correspond to two inflexions on the 
parallel Rea 


Since parallel tangents in a non-minimal direction to the original 
curve correspond to pairs of tangents in that direction to the 
parallel curve, we have, __ om, 
3781 oO 


194 "METRICAL PROPERTIES OF CURVES Book I ' 


Theorem 56] Jf a curve of order n, class m, etc., fulfil the 
requirements of 54], and if the minimal tangents be distinct and 
non-singular, the Pliicker characteristics of a parallel curve are 
found to be* 


n' = 2(m-+n) m’ = 2m t= 2 kK’ = 2x-+6m 


p’ =m+2p—l1. (19) 


The evolute of an algebraic curve is always algebraic. When 
is the converse true, i.e. when is a given algebraic curve the 
evolute of another such curve ? Certainly this is not universally 
the case; the involute of a circle is clearly transcendental. Let 
the equation of the evolute be 


The evolute and involute are in one-to-one correspondence. 
If (€,7) be the point of the involute corresponding to (x,y) on 
the evolute, and if s be the parameter of arc for the latter curve, 
we shall have 


of 
€=2z+(w—s)- < 4 
a (és) + (&) 

of 

1 =y—(o—s) —= 


(fy (Fy? 
ee) +) 
If the evolute be algebraic, everything here is rational or 


w—s EP (ey) 


the right-hand side being supposed to be rational. Conversely, 
when this holds there is a birational relation between evolute 
and involute, and the latter is algebraic. 

We may carry this further. Equation (20) shows us that the 
arc of the evolute is a two-valued algebraic function of # and y. 


(20) 


* Cf. Cayley! and Roberts?. 
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Suppose, conversely, this is the case. Consider the values of the 


integral 
SO ata a 
Mes) +(e) 
ae ley Be 
ate Ox oy 
a= FF dx (21) 
ey 
Xo. Vo 


around a closed contour of the Riemann surface for y in terms 
of x. 


A) J+ (z "+ ({) returns to its original value. Then this 


integral is 0, otherwise, by going around often enough, we could 
make s infinitely multiple-valued. 


B) i (2) +(2) ay +(Z) changes sign. If 2w be the value, and if 


we go around twice, the value is 0. It thus appears that the 
two values of the integral (21) are s and 2w—s. Hence s is 
a two-valued algebraic function of x and y on the surface, and 
the sum of the roots is 2w. 


—2Qws-- R(@, Weer 
S(x,y) 
at), (fy 
But 2 a = oe (-) 
ey 
os =5e y) 


We finally get 


Humbert’s Theorem 57] The necessary and sufficient condition 
that an algebraic curve should have an algebraic involute is that 
the length of arc should be a two-valued algebraic function of the 
coordinates of the extremities. This function ts a root of a quadratic 
equation whose coefficients are rational functions of x and y.* 


* Cf. Humbert’, p. 136. 
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BOOK II 
THE SINGULAR POINTS 


CHAPTER I 
THE REDUCTION OF SINGULARITIES 


§ 1. Quadratic transformations 


WE have, in the course of our work, frequently been obliged to 
transform algebraic curves in various ways. We have changed 


from rectangular to oblique axes, which is the same thing as an _. 


affine transformation, we have spoken of projective properties, 
which are unaltered under a collineation of the plane, we have 
transformed by inversion, and we have pointed out that the 
genus of a curve is unaltered by any birational transformation. 

Let us pick from this list the familiar inversion in a circle. If 
the centre be the origin, and the radius r, the transformation 
is written 


on Te ae ee es cd ae 
x gt y2 y ~ gtty?? OS git’ gl ty’? (1) 
We may describe this transformation in language of pro- 
jective geometry in the following way. The polar of a point 
(x, y) with regard to a circle 
wet y? = 72 
vety’y =7?; 
this is brought to intersect the line from (a, y) to the centre 


y 


has the equation 


y'x—a'y = 0. 


The intersection (x’, y’) is the point corresponding to (x,y). The 
transformation consists in replacing a point in general position 
by a point conjugate with regard to a fixed conic, on a line 
from the first point to a fixed point. The transformation is one 
to one, involutory, that is to say, identical with its inverse. 
A general straight line goes into a circle, ie. a conic through 
three fixed points, the centre of inversion and the circular points 
at infinity. These are the only points which do not transform 


into determinate points. We proceed to show how the trans-- 


“4 
x 
7 
2 
: 
i 
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formation can be modified in such a way that the three excep- 
tional points enter symmetrically. 

Consider the totality of conics through four given points, of 
which no three are collinear. If a point be taken which is not 
a vertex of that triangle which is self-conjugate with regard to 
all these conics, its polars with regard to them will not be 
identical, but will pass through the one point which is conjugate 
to the first with regard to all these conics. The relation between 
the two points is a reciprocal one. 

Theorem 1] If each point in the plane be replaced by the point 
of concurrence of its polars with regard to a pencil of conics through 
four points, no three of which are collinear, the result is an in- 
volutory transformation of the plane which is one-to-one for all 
points except the vertices of that triangle which is self-conjugate 
with regard to all the conics.* 

The transformation described in 1] shall be called a ‘standard 
quadratic transformation’. The vertices of the common self- 
conjugate triangle shall be called ‘fundamental points’, its sides 
‘fundamental curves’ or ‘lines’. The fundamental points are 
the only ones which are not uniquely transformed, each is, so 
to speak, ‘exploded’ into the opposite fundamental line. All 
points on a fundamental line, other than the two fundamental 
points thereon, are transformed into the opposite fundamental 
point. Each fundamental line is completely determined by the 
fundamental points on it, and two fundamental lines meet only 
in a fundamental point. These properties are characteristic of 
one-to-one algebraic transformations of the plane, as we shall 
see in Book IV. 

If a point P trace a straight line, its polars with regard to 
the various conics will trace pencils which are projective with 
the original range, and so with one another. As the line con- 
necting the centres of two such pencils is not self-corresponding, 
the point P’ where all these various polars meet traces a non- 
degenerate conic, which is the locus of the poles of the given 
line with regard to these various conics. It has many points 
which are easy to find. We thus get 

Theorem 2] If a point trace a straight line not through a funda- 


* Apparently discovered by Magnus, q.v. For a bibliography see Dohle- 
mann!, p. 49. 
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mental point of a standard quadratic transformation, the corre- 
sponding point, under the transformation, will trace a conic through 
the three fundamental points, the six points each harmonically 
separated from a point of the line by two centres of the pencil of 
conics, and the double points of the involution which the pencil 
of conics cuts on the given line. 

This conic, for obvious reasons, is called the ‘eleven-point’ 
conic. 

Feuerbach’s Theorem 3] The locus of the centres of all conics 
through the vertices and orthocentre of a triangle, which conics, 
when not degenerate, are rectangular hyperbolas, is a circle through 
the middle points of the sides, the points half-way from the ortho- 
centre to the vertices, and the feet of the altitudes.* 

Theorem 4] If a point trace a straight line through a single 
fundamental point, the corresponding point, in a standard quad- 
ratic transformation, will trace a line through the same fundamental 
point. When a point approaches a fundamental point, the corre- 
sponding point approaches a definite position on the opposite 
fundamental line depending on the tangent at the fundamental 
point to the curve on which the first point approached. 

We leave aside the possibility of approaching a point by a 
non-algebraic curve with no tangent at that point, e.g. ap- 


: Ae Ra: 
proaching the origin on y = asin-. 
x 


Theorem 5] If a point trace a curve with an ordinary singu- 
larity of order k at a fundamental point, yet with no fundamental 
tangent at that point, the corresponding curve will meet the opposite 
side of the triangle in just k distinct points, no one of which is 
fundamental. 

If one of the tangents at a fundamental point approach a 
limiting position which is fundamental, the corresponding point 
on the opposite side will approach a limiting fundamental 
position. 

To find the order of the curve into which a given curve is 
transformed, we find how many non-fundamental intersections 
the first curve has with a conic through the three fundamental 
points, as this is the transform of a straight line, and the order 
of a curve is the number of intersections with a general line. 

* Cf. Feuerbach. 
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Theorem 6] A curve of order n with multiplicities 1, 17, and te 
at the three fundamental points will be transformed into a curve of 
order 2n—(r,+1r,+1;) with multiplicities N—(T2+13), N—(r3+7;), 
N—(r1+1,) at the fundamental points. 

It is time to express our standard quadratic transformation 
analytically. Let us take the three fundamental points as O,, O,, 
and OQ, in a trilinear system. If one of the points common to 
all the conics be (1, 1, 1), and we are at liberty to assume that 
is the case, for we may take the unit point where we choose, 
the other centres of the pencil of conics are (—1, 1, 1), (1, —1, 1), 
(1, 1, —1). The conics may be written 


@,x7+4,23-+a,02 = 0 (2) 
where a,+a,+a, = 0. (3) 


The canonical equations for the standard quadratic transforma- 
tion are then 


, , fi 
pry = Cyits ob ammeter | prs = irr9 
y t , fs / £ (4) 
or, more simpl alee 
; Pe Dire! Na ee (5) 
hy Xe Ws 
Let us put 


Ly = Ye XL; = Y;€ Lp= Yn FO 
1 , 1 , 1 mes 
oe Wie oi Ki gk Wie 
Then seeking the limit as «+0, 


OX; =YjYe — OL{=YuYs OX, = O~, 
a definite position on x, = 0. 

To give an analytic proof of 6], let us note that if the point 
(1, 0, 0) have the multiplicity 7, for a curve f(x,, 7,73) = 0, the 
highest power of x, is n—r,, and so for the other fundamental 
points. When we make the substitution xj}, for x;, we have an 
equation of order 2n. Since every term will involve xjx, and 
x3x, together to the power r, at least, we may divide out 2}" 
and similarly for a, and x3. The transformed curve is a reducible 
one of order 2n and contains the three fundamental lines 
counted 7,, 72, and r; times respectively. The residue is of order 
2n—(r,+7r.+73); its multiplicity at the fundamental points is 
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given by the non-fundamental intersections of the original curve 
with the fundamental lines. ; 

In the standard quadratic transformation, as in inversion, 
the net of all lines is carried into a net of conics. This can be 
done in a variety of other ways. If we generalize inversion pro- 
jectively so that corresponding points are collinear with a fixed 
point, which we shall take as O,, and conjugate with regard to 
a fixed conic whose equation shall be x,7,—23 = 0, the trans- 
formation takes the slightly altered form 

a = 142, Wy = Wyls W's = Ly (6) 
L, = 14X5 Ly = LoXs y= 22>. 
This is known as a ‘Hirst transformation’, and is essentially 
like a standard quadratic one, being factorable into such a 
transformation and a very simple collineation which merely 
interchanges x, and 2p. 

Here are other cases of quadratic transformations. Suppose 
the totality of lines is simply carried into conics through three 
distinct points in any one-to-one fashion. This may be written 
PE = Ay Wplg Ayelet +Ayy% Xp Ly = CyyX gg Cy 9X} + C4304 %y 
Py = Ag ®Xg+AzeXstj+Aggt 4% OL, = Coy X23 + Cop g@j + Cost 4p 
Pls = Mg, XX y+ AgxlC,+Ag3%1%y Os = Cay% 3+ CapW3X) + Cog Wy 

| (7) 
and is factorable into a standard quadratic transformation and 
a collineation. 

Let us look for a quadratic transformation where straight 
lines are carried into a net of conics which are tangent to one 
another at a given point, and pass through a second point. Let 
the conics be tangent to x, = 0 at O, and pass through O,. Then 
the transformation and its inverse can be put in the form 


, aoe ath 19 

poy aaa. Gk, = 2, 
Pore ey OE 

Ply = XXe We we Vets (8) 
Lig ee A pee 

pts a2 OL, = 125. 


We see that the transformation is not involutory, but the 
inverse is of the same general sort. Any birational transforma- 
tion of the plane where lines go into conics tangent at one point, 
and passing through another can be factored into such a trans- 


a al 


Res 
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formation and a collineation. In non-homogeneous Cartesian 
coordinates this may be put in a form which Nother often used:* 


x’ =2 x= 2’ 
, 9 
yY = xy =f. ”) 
ey We 


Still another plan is to have the straight lines of the plane 
transformed into osculating conics. Here is an involutory trans- 
formation of this sort where the conics touch 2, = 0 at Oz, and 
osculate one another: 


pean Saale 
Poet ra Uy CP SaEy 
———— 2 , , 
pts = 2h5 Oly = 1,05 (10) 
[ee leer Ge, af / v ay} 


Any one-to-one quadratic transformation where lines go into 
such conics can be factored into the product of this and a 
collineation. 

It is possible also to have quadratic transformations between 
different planes. Here is a simple example due to Steiner. 

We start with two planes, and two skew lines outside of both; 
neither of these lines may intersect the line of intersection of 
the two planes. We project one plane on the other, not by means 
of lines through a fixed point, but by lines intersecting the skew 
lines. If a line be given in one plane, it will determine, in 
general, a regulus with the two skew lines. The projecting lines 
will generate a second regulus which meets the second plane in 
a conic through the intersection with the two skew lines and 
the point on the second plane where it meets the line in the 
first that intersects the two skew lines. 

Theorem 7] The product of any number of collineations and 
standard quadratic transformations is a birational transformation 
of the plane with but a finite number of points which have not 
unique mates. As a point approaches one of these along a curve 
with a definite tangent there, the corresponding point will approach 
a definite position on a certain corresponding curve. 

Analytically, a transformation of this sort may be written, 
with its inverse, 

i, = P, (44, Xa, Xs) ox; = Pi(%1, U5, X3). (11) 


* Cf. Nother’, p. 170. + Cf. Steiner, pp. 407 ff. 
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Let the three homogeneous polynomials 4; be of degree n. 


Then the equations 121+ Neto +NgXs = 0 


1 bi tN; $o+73 $3 = 0 


must have n variable intersections. These equations are equl- 


at te My $1 + M2 $o-+M5 $5 = 0 
NX, +N4x,+N3x3 = 0, 
so that the polynomials ¢; are of order n. 

Theorem 8] A one-to-one algebraic transformation of the plane 
is of the same order as its inverse. 

We mean, of course, by the ‘order’ of the transformation, the 
order of the curve into which a general straight line is trans- 
formed. 

It is an interesting fact that there is no theorem corresponding 
to 8] in a space of higher dimensions. The net of curves 

14 Py +2 b.+N3 $3 = 0 

which correspond to straight lines are assumed to have only 
ordinary singularities, and to intersect in distinct points. Since 
they are transformed into straight lines, by Riemann’s theorem 
3’] of Chapter VIII of the last book, they must be of genus 0 
The only assumptions we shall make about the singular points 
are that at specified points (other assumptions would be non- 
linear) they shall have multiplicities r,, 7.,..... Then by Bertini’s 
theorem 10] of Ch. VII, Book I, there are no other singularities 
of the general curve. On the other hand, two of these curves 
must have but one variable intersection to correspond to the 
single variable intersection of two lines. Hence 


> 7,(73—1) = (n—1)(n—2) 


>f=nv—-1 
> 7; = 3(n—1) (12) 
S rite) Sa) 
2 2 a 


The last equation shows that the conditions imposed by the 
fixed points are independent and sufficient, for the curves form 
a net. A birational transformation of the plane is called a 


Cremona transformation after the geometer who first studied | 
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the problem of such transformations in a general form.* We 
have so far seen examples only of Cremona transformations of 
the first or second orders. Here is an example of a transforma- 
tion of any desired order. Consider the totality of rational 
curves of the nth order with a common point of order n—1, and 
2(n—1) common simple points. We see that equations (12) are 
fulfilled. If there were more than a net of these curves, there 
would be more than one through two given points which is 
inadmissible; there would be too many intersections. Let O, 
be the singular point. We may find a curve of order n—1 
with multiplicity n—2 at O,, which passes simply through each 
of the other 2(n—1) points. This has no other intersections 
with the curves of order n, so it cannot correspond to a curve 
but to a special point. This curve and the pencil of lines through 
O, must go into a pencil of curves of order n consisting of a fixed 
part of order n—1 and a pencil of lines, each of which has but 
one variable intersection with the curves of order n which corre- 
spond to lines in the inverse transformation. That shows that 
in the inverse transformation we have curves of order n with 
a singular point of order n—1. They could have no other 
common singular points, hence the other special points must 
be 2(n—1) simple points, i.e. the transformation is of the same 
type as its inverse. Such a transformation is called a De Jon- 
quiéres transformation.+ Quadratic and linear transformations 
come under this general head, but we may have De Jonquiéres _ 
transformations of any order. 

If we have a product of a succession of standard quadratic 
transformations and collineations, we produce a Cremona trans- 
formation of as high order as we please. Conversely, a Cremona 
transformation which can be factored into a product of standard 
quadratic transformations and linear transformations shall be 
called ‘factorable’. We have seen that such is the case when 
lines go into conics through three distinct points. Consider a 
quadratic transformation of the type (8). Let us follow this by 
a standard quadratic transformation with the same O,, 0, 03. 
The result would be a transformation where a line is carried into 
a conic through O,,0, and a fixed point on the new line 0,03, 
i.e. a transformation of the type (7), and this is factorable. 

* Cf. Cremona’, pp. 54 ff. + Cf. De Jonquiéres’. 


i BAe ain! © 
204 THE REDUCTION OF SINGULARITIES Book II 


Let us now take a transformation of the type (10) where 
straight lines are carried into conics that osculate at O;. If we 
follow by a standard quadratic transformation, the result will 
be a transformation where straight lines are carried into cubics 
with a node at O3, a simple point at O, and O,, and all tangent 
to one another at a point O} of 0,0,. If we follow by a standard 
quadratic transformation with the fundamental points O,,05, Oz, 
the cubics go into conics tangent to one another at O, and passing 
through a fixed point of O,0g, i.e. the product is of the type (8). 

Theorem 9] A quadratic Cremona transformation is always 
factorable. 

Let us next consider the De Jonquiéres transformation. If 
O, be at the singular point for a set of curves of order n, and 
O,,0, be simple points common to them, then, if we make a 
standard quadratic transformation, it will carry these curves of 
order n, by 6], into curves of order n—1, with multiplicity n—2 
at O3, and 2(n—1) other simple common points, the product is 
a De Jonquiéres transformation of lower order. 

Theorem 10] A De Jonquiéres transformation is always 
factorable. 

These last two theorems have little to do with our present 
interests, but will be important at a later stage of the present 
work where we shall prove the grand theorem that all Cremona 
transformations are factorable. 


§2. The effect on singularities 
Suppose that we have an irreducible curve of order n, which 
has at O, a singular point of order r, which is not necessarily 
Smart but may be of any déscription. Let O,,O0, be two other 
points in the plane such that 

a) neither is on the curve, 

b) the lines 0,0, and O,0, meet the curve each in n—r distinct 
points besides O,, 

c) the line 0,0, meets the curve in n distinct points. 

Letusmakea standard quadratic transformation with 0,,0,, O3 
as fundamental points. We are at once able to say about tii 
transformed curve: 

a) It is of order n, = 2n—r. 

8) It has an ordinary singular point of order n at O:, 
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y) It has an ordinary singular point of order n—r at O, and O,. 

5) Corresponding to every singular point of the original 
curve, beside that at O;, the new curve has a singular point of 
the same order, s;. 

The new curve will meet 0,0, not only in O, and O,, but r times 
elsewhere. To make the most discouraging assumption, suppose 
it has a singular point 0; of order r on0O,0,. Let usstart again and 
make asecond quadratic transformation with fundamental points 
01,04, O3, related to the new curve as the points O,,0,, 0, were to 
the original curve. The third curve has the following properties: 

a) Its order is n, = 2n,—r. 

f) It has an ordinary singular point of order n, at O34. 

y) It has ordinary singular points of order n,—r at O; and O3. 

6) It has three ordinary singular points of order n, n—r, and 
n—r respectively. 

«) Corresponding to every singular point of the second curve, 
besides that at O5, the new curve has a singular point of the 
same order. 

Our third curve has r intersections with 00) to be accounted. 
for; if these do not consist in a point of order r, we have made 
progress, if they do, we make a third transformation like these 
two, and so on. Let us show that we cannot keep on indefinitely 
always getting a singular point of order r. Suppose, in fact, 
that we have transformed & times and still have a point of that 
order appearing on a fundamental line. Two features of the 
product of all our transformations must be noted. 

1) We have introduced no new singular points but ordinary ones. 

2) The orders of all the singular points of the first curve other 
than the one operated on are unaltered. 

The order of the last curve is 


Ny — 20,4 —T 


It has singular points of the following orders: 


n n—r n—r 
Ny, N4—?r N—r 
Np-1 Wyo fo Ny-1—? 


L Sy So... 
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Now, by Book I, Ch. VIII, the reasoning leading to 1] for 
the original curve 
(n—1)(n—2)_ r(r—1)_S 88s —D) 
2 2 >, 2 aa 
and, applied to the kth transformed curve, 


(2,—1)(%,—2) __ My—-1(M-y—1) __ 2 (%y-4—1)(M_1—1—1) mus 
2 2 2 


= Mp—2(Mp-2— 1) nee (M-2—1)(%_-2—1T — > os 
2 2 


nt lnel ties 1) 5, (n—1) (etl) a 
2 


81(8;—1) _8,(8g—1) | wate ti 


2 2 
But Nj 44 = 2n,;—7, 
(Mjs1—1(M541—2) _ (2mj—r—1)(2nj;—1—2) 
2 
__ (nj;—1)(n;—2) , n,(nj;—1) (n;—r)(n;—r—1)  r(r—1) 
Sat 9 J + 3 . 29 j - et 5 


(Mj2—W(M412=2)_ MplM=1) _ 9 (M—=T)(mj—T—1) 
2 2 


nj 1)(nj—2)" rir 1) 

2 oer 
This reduction may be applied again and again, beginning 
with the last curve and working backwards until we finally get 
(n—1)(n—2) _.7(r—1)_ 8381-1) _ 8082-1) 

2 2 2 2 
It is clear from this that there must be an upper limit to kh, 
which means that eventually the point of order r has been 
broken up into points of lower order. We may attack each of 
these in the same way, and each of the singularities of the original 
curve which are not ordinary: every singularity so attacked can, 


eventually, be ground to pieces, and nothing new but ordinary 
singularities are introduced. We thus get 


—... 20. 
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Néther’s Transformation Theorem 11] Any irreducible curve 
may be carried by a factorable Cremona transformation into one 
with none but ordinary singular points.* 

The tremendous importance of this theorem will be more and 
more evident as our work proceeds. We see right now that if 
we wish to reach a property of curves which is unaltered by 
a linear or standard quadratic transformation, it is sufficient to 
do so for a curve with only ordinary singularities. 

We have seen that in the case of an irreducible curve 


; —1)\(n— (8,— 
the expression galas a 23 sae cannot be negative. 


There will be a similar expression for a reducible curve, which 
we need not here develop. We may, then, reason on a reducible 
curve, as we reasoned above on an irreducible one, getting 

Theorem 12] Any two curves may be carried by a factorable 
Cremona transformation into two with only ordinary singularities, 
which are nowhere tangent to one another. 

Here is a still more important result. We saw in Book I, 
Ch. II, Theorem 6], that in the vicinity of a point (a, Yo) which 
is either non-singular or an ordinary singularity, where no tan- 
gent is vertical, there are a given number of developments for 
y in integral powers of x—2,. More generally we may say that 
the whole neighbourhood of this point is expressed by a certain 
number of developments: 

y= PyYit Ayal, FOyishly + -- (13) 

This fact will be invariant under a factorable Cremona trans- 
formation. 

Puiseux’s Theorem 13] The whole neighbourhood of any point 
(y) of an algebraic plane curve may be uniformly represented 
by a certain finite number of convergent developments in power 
seriest 


= pyYit Girly + Qyialy + (13) 

It is a tempting idea that perhaps we may push the simpli- 
fication of a curve by reducible Cremona transformations even 
further. A study of this question must be postponed to a later 
chapter, as it involves many facts which we have not yet 


* Nother’, pp. 267 ff. There are many proofs in existence, that here given 
is from Bertini’. + Puiseux, pp. 397 ff. 
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exhibited. If, however, we ease the restrictions under which we 
are working so that the transformation employed is birational, 
that is to say, one to one and algebraic for the curve alone, and 
not for the whole plane, as is a Cremona transformation, we are 
able right now to get a much greater simplification. The scheme 
which we shall follow is the following. We first exhibit a one- 
to-one correspondence between a plane and a certain cubic 
surface. We show how, in applying this to a particular curve, 
one singularity may be completely exploded so that the plane 
curve goes into a space curve with one less singular point. 
Then we project the space curve back on the plane, introducing 
new singularities, all of which are nodes. Then we begin all 
over again. 

The totality of cubic curves are linearly dependent on ten, 
for there are ten coefficients in the general cubic equation. 
Through k points will pass, in general, 10—k linearly indepen- 
dent cubics. The curves through eight points will form a pencil, 
all of whose curves go through a ninth point. Consider six 
points in the plane, which are not on a conic, nor are any three 
collinear. They will impose on a cubic not less than six inde- 
pendent conditions. If they imposed less than six, we might 
impose four more, and make the cubic go through four arbitrary 
collinear points. It would then have to ‘swallow’ the line on 
which those points lay, and the rest of it would have to be 
a conic through the six given points, which, by hypothesis, do 
not lie on any one conic. Let us call them the six ‘fundamental 
points’ of the present discussion. Take four linearly sICEpeR 
dent cubic curves through them. 


Fo(x, y) = 0 filz, y) = 0 f2(v, y) = 0 f3(v,y) = 0. (14) 


The general curve of the linear series which they determine, 
the general cubic through the fundamental points, may be 


written Ufo tu fi tUefetusfs = 0, (15) 


If the general cubic had a singularity at one of the funda- 
mental points, so would that cubic of the system which consisted 
of a conic through five of the points and an arbitrary line 
through the sixth, an absurd conclusion. On the other hand, 
we know by Bertini’s theorem 10] of Book I, Ch. VII, that the . 
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general cubic of the system does not have a singular point not 
common to all the curves. 

Consider a point which is not fundamental. There will be 
one cubic of the system with a double point there. If there 
were more than one, there would be a pencil of them. But two 
cubics of the pencil would then have ten intersections and so 
be reducible with a common part, and this common part must 
either be a line through two fundamental points, or a conic 
through five. But, in neither case would the cubics of the pencil 
have a common double point. There will be a pencil of cubics 
with a node at each fundamental point, the tangents being 
variable. 

Let us now write the four equations 


pty =fo(x,y) pti=file,y) pt,=fe(x,y) pts=fz(x,y). (16) 
If (x, y) move all over the plane, including the infinite line, the 
corresponding point in three-space will trace a surface which is 
of the third order. 

We see, in effect, that the plane sections of the surface corre- 
spond to the cubics of our linear system. Two of our cubics 
have but three variable intersections, hence two planes, or a line, 
meet the surface in but three variable points. Each non-funda- 
mental point of the plane will correspond to a single definite 
point of the surface. How about a fundamental point? Let 
this be at the origin, and let us write (16) in the form 

pu, = a,0-+-b,y-+.... 
If x and y vanish, (x) becomes indeterminate. Let us write 
nine y= y'e, 
substituting, dividing by «, since we have homogeneous co- 
ordinates on the left, and then putting « = 0, we get 
ox, = a,x'+b,y'. 
This shows that as x’ and y’ vary, approaching 0, (a) will trace 
a straight line on the cubic surface. We shall call this a funda- 


mental line. 

The cubic surface has no singular point. A singular point has 
the property that every plane section through it has a singu- 
larity there. If this singular point were not on a fundamental 
line, it would correspond to a point of the plane which was 

3781 P 
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singular for every cubic through it, and ‘there ain’t no such 
animal’. If it were on a fundamental line a doubly infinite set 
of plane cubics would have singularities at a fundamental point. 
One of these would include a line connecting two fundamental 
points, the rest would be a reducible conic through the other 
four singular points with a double point at one—impossible. 
The curve in a tangent plane at a general point of the surface 
will correspond to the cubic which has a double point at an 
assigned position in the plane. The pencil of cubics with a 
fundamental double point, say the origin, will be given by 
multipliers (w) which satisfy the equations 


(wa) = (ub) = 0 


and so will correspond to the sections of the surface through 
the corresponding fundamental line. A point of the surface, not 
on a fundamental line, will lie on one plane through each of the 
six fundamental lines, and so correspond to the single non- 
singular point common to six cubics each with one fundamental 
point singular. The relation between plane and surface is, thus, 
one to one except for fundamental points of the plane, and 
fundamental lines of the surface. 

Our transformation from plane to surface has been sufficiently 
developed. Let us apply it to the simplification of curves. Sup- 
pose that we have a plane curve whose only singular points are 
ordinary. Let us take just one of them whose multiplicity is r, 
as fundamental in the transformation described above. A cubic 
curve of the system will meet this in 3n—r variable points, so 
that will be the order of the corresponding space curve. The 
space curve will have singular points of the same description as 
the plane curve, except that the one at the fundamental point 
has been shattered into r distinct non-singular points along a 
fundamental line. 

Let V’ be a point of the space curve. The lines through there 
meeting the curve again trace a cone. If V be a point of the 
surface, not on this cone, the line VV’ meets the curve but once, 
hence, by the ‘in general’ principle of Book I, Ch. I, a line through 
V which meets the curve once will not automatically meet it twice. 
We may thus project the space curve from V back into a plane 


curve which is in one-to-one correspondence with the original . 


f 
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curve. What singularities has this new plane curve? It has 
singular points of the same description as those of the original 
curve except for the one exploded, also some introduced by 
projecting back from V. These can only be of the second order, 
for a line meets a cubic surface but three times, and we may 
assume that V does not lie on one of the twenty-seven straight 
lines which are easily shown to lie on the surface. They corre- 
spond to the six fundamental points, the six conics through five 
fundamental points, and the fifteen lines each through two of 
them. It is easy to see there are no others. Well, what will be 
the nature of these double points ? If V lie on a tangent to the 
space curve, the point of contact will go into a cusp; we can 
avoid that by taking V not on the developable generated by 
the tangents. Again, if a line through V meet the space curve 
twice, we wish the two tangents to be in different planes through 
that line, otherwise we should project into a plane curve with 
two mutually tangent branches at a point. We must place V so 
that it lies on no line meeting the curve in two points with 
coplanar tangents. How many lines are there which meet the 
curve in two points with coplanar tangents? If there were a 
two-parameter family, then every tangent would meet every 
other one. If we have a set of lines of which each two are 
coplanar, then either all go through a point or all lie in a plane. 
If all our tangents were in a plane, the space curve would be 
a plane curve of order 3, and our transformation would be 
virtually accomplished as the order would be 3. It would either 
be non-singular or transformable into a conic. 

If all the tangents went through a point, say the origin, we 
should have dx dy dz 


The only solutions are sets of straight lines through the origin, 
a trivial case we may exclude. Hence there is only a one- 
parameter family of lines meeting the curve in two points with 
coplanar tangents, and we may assume V is not on them. 
Lastly, V must not lie in a tangent plane to the cubic surface 
at a singular point of the space curve, for fear of ‘squashing’ 
the latter in projecting back, nor on a line connecting a singular 
point with another point of that curve. If we keep V away 

P2 


points Snipeciadenl are rises one ch ey ae of the old eed 7 


has been eliminated, and the new and old curves are in birational — 
correspondence. We can do this same trick over and over again 
till only nodes remain. Lastly, if we remember Nother’s reduc- 
tion theorem 11] just proved, we have 

Clebsch’s Transformation Theorem 14] Any algebraic plane 
curve may be birationally transformed into one with no singular 
points but nodes.* 


* The literature of this particular subject is very extensive. For a general 
discussion see Bliss. My authority for giving the credit of discovering it to 
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Clebsch is Klein, see his footnote to Bertini’. The idea of using the cubic | ° 


surface in this way is due to Bertini, but he neglects certain precautions whose 
necessity was pointed out by Walker, q.v. 


CHAPTER II 
DEVELOPMENT IN SERIES 


§ 1. Development of the branches at a point* 
WE shall begin the present chapter by repeating a theorem 
proved in the last. 

Puiseux’s Theorem 1] The whole neighbourhood of any point 
(y) of an algebraic plane curve may be uniformly represented by 
a certain finite number of convergent developments in power series 

vy = Py Yr +4, +Qyrol? + 3h 
Xe = Py YotAyort, +Ayooty +... (1) 
Hy = Py Ys tAygit,+ygoty +... « 
Each point of the neighbourhood, except (y), will correspond to 
a single value for v and t,,. 

Our present task is to find a direct way of determining such 
power-series development, without having recourse to quadratic 
transformations. After that we shall study the nature of the 
curve in the vicinity of a point, by studying the power series 
directly. 

It is to be noted that the highest common factor of all the 
exponents of ¢, in any one triad must be 1, otherwise there would 
not be a one-to-one correspondence between the points and the 
values of t,. The totality of points which make these series con- 
vergent shall be called a ‘branch’, the point (y) the ‘origin’ 
thereof. The neighbourhood of any point is made up of a finite 
number of branches. 

The power-series developments at an ordinary singular point, 
or cusp, have already been determined in Book I, Ch. II, so if we 
know the system of transformations which carry a given point 
into an ordinary singularity, we can get all the power-series 
developments. This is the method of Néther.t We shall follow 
a modification of the classical method of Puiseux developed by 
Appell and Goursat.t 

To simplify matters, let us assume that the singular point in 
which we are interested is the origin of a Cartesian system. We 


* In the present chapter I have maintained close contact with Jordan’. 
Another very important reference is Enriques-Chisini, vol. ii. 
ft Cf. Nother’, p. 267. t Cf. Appell et Goursat, pp. 184 ff. 
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apply to the region the method of Newton, used in Book I, 
Ch. III, to study the neighbourhood of a real singularity. The 
exponents of x and y are plotted as integral points in the first 
quadrant of a plane. Some of them are connected by segments 
of a broken line in such a way that on each segment lie at least 
two of these marked points, and the others are shut off from 
the origin by the straight line on which the segment lies. Let 
the equation of the curve be 


> A,r yPi = 0 (2) 
Tip TSBy = .. = 10)-+-8Py = ... = 7a,+8f,; 
Ba—Bp Lod Ba—B a By—Bp ao (3) 
gts Cera, Ca, Ss 
Put «= 2’, y=y'x'* and divide by (a’)"%a+sPa, 
(y’)Po hy’) +a'h(x’, y’) = 0. (4) 


The degree of ¢ is 8,—B,, and it has this number of roots, 
distinct or coincident, different from 0. When z’ is close to 0, 
by the Fundamental Continuity Theorem 4] of Book I, Ch. I, (4) 
will have B,—f, roots close to those of 


p(y’) = 0. 


Consider this equation more closely. 


The exponents are of the form Pr—Bp = = (%y—m). Since r 


and s are relatively prime, 8,—f, must be divisible by r. Let 
us rewrite the equation bly’") =0 (5) 


Suppose that, looked upon as an yess in y’, it has a 
simple root yj", as an equation in y’ it has 7 roots Yo. FY, 
By, Os OP = 1. 

Close to these we have sets of r developments: 

Y = Yot at’ +... 
y’ = by) +a,,a'+... 
y’ = Py) t+ay,2'+... 


Y = You's dg x'st4+ 
y= Oye! payya'14.. 
Yy = Pyor's+-Ag,x'st44 
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s+1 : 


y= yittdye r ae rte 
Ga bysaerba yt Fob. 


s+1 


Y= Cyst + ge rt. 


gh Pek eee 2 i ; 
If, in the first equation of the last set, we replace x by 6*xr, 


we get 8 i 

y = x7 [Oy Coa? +...] 

y’ = Oy) +50’ +... 
and this must be one of the previous r developments for y’ in 
terms of a’. Hence, there are but r developments of the present 


1 
set for y in terms of wr, and these are found from one of their 


number by permuting the values of oe 
Suppose, now, that (5) looked upon as an equation in y” has 
nothing but multiple roots. Let yj be one of them, and write 
y= yot7 
we get from (4) Q(z’, 7’) = 0, 
and this curve has a multiple point at the origin. If we could 
find for this a BaeieE men of the sort 


+1 
iy’ eee (ee RA 
sr’ s7’--rs’ 


y=your +a mr +..., 
and we have the desired result again. In fact we shall always 
reach this eventually unless a continual change of variable in 
this way never produces a drop in the order of the singularity. 
Let us show that such cannot be the case. Suppose that there 
is no drop at the start, and the original curve and (4) have 
singular points of the same order at their respective origins, 
¢(y’) is an equation in y’’, and if it is to have only one root 
which is not 0, we must have r= 1 

2 YoY a, 

while (4) takes the form 

(y'—yo)Pe +a'p(a’, y’) = 0. 
If we put y =yoty" Y=You+y'xX 

O@,y")=0 y= yrrye ty”. 


mt 
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Tf © has just as bad a singularity we may keep on en 
But we know that eventually fractional powers will begin, and 
the lowest of these is not indefinitely large. Hence the singu- 
larity must eventually improve, and the process cume to 7 
an end. 

Let us consider some special cases. 

A) An ordinary singularity with no vertical tangent. 

The broken line has but one segment, given by the terms of 


] t ord 
ss order 0 = (y—l,x)(y—l,@)...(y—l,x) +... 
2 
Cal aah oon 0 eee 
y = Le+ayyr?+... 
Y = 1,0+ yt" +... (6) 


or gad; y = Lt+ay4t?+... 
H oes t, y = L,t+-dgot?-+... 


B) A cusp with a non-vertical tangent. 
O= (y—le)P+f(z,y)+... fa(1,1) 40 
oe Yoyia' 
O= (y’—1)-+2" f,(1, 1) +... 
yalty 
0= 92+2'fa(1,)+.... 
ae eel Poe 0 aw=0 p= 2 r=2 a | 
Y= i" e an tra 
O=y"+fa(1,1)+... 
y" = V—f,(1,D)+a,2"+... 
y’ =14V—f,(1, Datta... 
= lx+V—f,(1, 0) 2t§+a,a2-+ ... , 
or ¢=P y=l?4—f,(1,D8+a,t-4.... (7) 


—— 
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C) A cusp with a vertical tangent. . 
O= v?-+f3(x,y)+... f3(0, 1) #0 
=2 Bp =9 % = 0 B= 3 f==3 s=2 
x — g'3 y = yx 


0=14y'f,(0, 1)-+... 
elas 1 , 
=x Peony 0 aba 
1 
v=, sos AC Me acc 


I 
oe ee v= fs) ?+-a,B-+... (8) 


Suppose that at a point (y) a curve have & developments of 
the type (1). To find its intersections witha curve 4(x,,%,%3) = 0 


we write 
$1 ¢ see Px = 0, 


where we mean by ¢, the result of substituting the ith triad in 
g. In the vicinity of (y) our curve ¢ will also consist in a certain 
number of branches. The equation just written shows that 
the number of intersections of the two curves is the sum of the 
number of intersections that one has with the various branches 
of the other. This applies to either curve, which gives 

Theorem 2] The total number of intersections which two curves 
have at any point rs the sum of the number of intersections which 
each branch of the one with that point as origin has with each 
branch of the other with that origin. 

We may determine the number of intersections in another 
way. Let us have (29, yj) as a point common to the two curves, 
such that no other intersection has the abscissa xz). If y; on one 
curve and #,; on the other correspond to the same abscissa 2, 
the expression II(y,;—%,), which is rational in x, will vanish as 
many times for x = 2, as there are intersections there. 

Theorem 3] Jf two curves meet at a point (Xp, Yo) and have no 
other intersections with this same abscissa, the number of inter- 
sections at that point is the multiplicity of x) as a root of the 
resultant of the corresponding polynomials when looked upon as 
polynomials in y.* 

* For an elaborate discussion of the number of intersections treated in this 
way see Segre®, pp. | ff. 
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Our theorem 3] shows that the problem of finding how many 
intersections two curves have at a common point is, by 2], the 
problem of counting the intersections of two branches with the 
same origin. This we shall study in very great detail. In order 
to do so intelligently, we must make a more detailed study of 
the series-developments like (1). 


§ 2. Invariant numbers for branches 


Suppose that we get a development for y—y, in fractional powers 
of x—a, by the method of Puiseux developed in the last section: 


pr pL 
Y—Yo = U(X —Xq) + Ay (%7—2%q)Po+-A,(47—2q)po+... . 
Introducing the auxiliary parameter ¢ we may write this 


X= y+ tPo Y = Yo tal a,tPe... Ap; A 0; 
we note at once that py gives the number of intersections with 
a non-tangent line through (9, yo). The equation of the tangent 
See Y—Yo = U(X—2p), 
and the number of additional intersections with the curve is 
Pr—Po- The number py is called the ‘order’ of the branch, and 
PE—Ppo its class.* 

Theorem 4] The number of intersections which a tangent at the 
origin of a branch has with the branch at that point is the sum of 
order and class. 

This theorem appears a little ridiculous, since the class was 
defined as the excess intersections possessed by the tangent, 
but we shall find another independent definition later. Let us 
write our branch in the more general form 

Ly = Y, +54 987+-5,,8%-+... 
Ty = Yatby87+ by18% +... (9) 
Xz = Ygtbgq87°+ b538%-+.... 

The order will be the first exponent for which the three coeffi- 
cients are not proportional to y,:45:y3. There must be such a 
term, otherwise the branch would be a single point. If there 
be successive terms with coefficients proportional to y,:y5:y3, 
even if there be an infinite number of such, we may group them 
all together at the beginning. It is not possible that the three 


* These names are due to Halphen!, vol. iv, pp. 4 ff. 
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coefficients in one column are linearly dependent on (y) and the 
first three not proportional to the y,’s, as then the tangent 
would be entirely contained in the branch, a case we naturally 
exclude. Let us, then, group together all the terms whose 
coefficients are proportional to the y,’s and all proportional to 
the first set of coefficients not proportional to the y,’s, and then 
write the subsequent terms. We get 


x, = y,[1+p,s+pos?-+...]+-a,9[8?°+-9,8°0+1+...]J+-a,,8°1-+... 

Xp = Yol 1+ py8+ P98? «..]+-Ago[ 80 Gy8P0tt +... ]+- Gy 18"... 

X= Yal1-+-p 18+ po8?+ ...]+-Ago[8P9-+-G18/0t1 +... ]-g18P!+...« 

Since our coordinates are homogeneous we may first divide 
out [1-+-p,s+p,s?-+...] and write 


+) P0-f-g, sport t...., 
1-+-p8+p2s?+... 


Then s is an analytic function of 7 whose derivative does not 
vanish with 7, we may solve for s =7+1,7?+ ... 


Ly = Yj +Ayp7Po+-A4,7P1-+... 


TPo 


Le = YoTAgoT?0+Aq17P1-+... (10) 
Le = YgtAgoTP0-+Ag,7P14-... 
lyaots| a 0. 


The class of the branch is then p,—py. 

Theorem 5] The order and class of a branch are unaltered by 
a collineation of the plane. 

An algebraic curve, as we have often pointed out, may be 
looked upon as the envelope of its tangents, quite as well as 
the locus of its points. If we apply this to our branch (10),we get 


__ |e X7,| 
i ae wr a 
Dividing through by #f-1 
U1 = Po Yi Yk Yi Ve he ane (11) 
A39 To B54 Ons| 


Tf, then, we remember that a curve and its dual are sym- 
metrically related, the tangents to the one correspond to the 
points of the other, we get 
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Theorem 6] The order and class of a branch of a curve are the 
class and order of the polar reciprocal branch with regard to a 
general conic. ‘ 

Theorem 7] The number of tangents to a curve from the origin 
of a branch accounted for by the tangent to the branch is equal to 
the sum of the order and class. 

We must now turn aside to study some arithmetical pro- 
perties of series of integral powers, which give us further 
invariant numbers for the branches of a curve. 

Definition. Given a set of positive integral powers of a 


variable ¢, T = a-+apto+a,tit.... (12) 


An exponent shall be said to be ‘characteristic’ if the coefficient 
be not 0, and be not divisible by the highest common factor of 
the preceding exponents. Every time a characteristic exponent 
appears, the highest common factor is reduced, hence: 

Theorem 8] The number of characteristic exponents of a series 
of increasing positive integral powers is, necessarily, finite. 

Let the characteristic exponents in the series (12) be po, pa, pp- 
Let S be such a function of 7’ that 


dS 
a7? TO 


S = 8,+A,(T—a)-+... A, #0 
T —a = tPo[ay+a,tPiPo+...] 


[7'—a]p = tepolaf-+ pah-l(a,tPi-Po...) galt ap-*( ek 
If we substitute in S, the lowest power of ¢ appearing with a 
non-vanishing exponent is ¢@. An exponent between py and py 
must come from a term where the outside exponent pp, is less 
than p, and so is divisible by py. The terms taken from the 
inside have exponents less than p,, and so these are divisible by 
po. The earliest characteristic exponent is p,, and this can only 
come from 7'’—a, for when the sum of the inside and outside 
exponents is p, and the outside is greater than 0 but divisible 
by po, the inside must be greater than 0 and less than p,—p,, and 
so divisible by po, and this is a contradiction as p, is not divisible 
by py. The coefficient of p, is A,a,, which, by hypothesis, is 
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not 0. By similar reasoning the next characteristic exponent 
is pg from the term A ,agrPp. 

Theorem 9] Jf T be an analytic function of t in the vicinity 
of t= 0, and if S be an analytic function of T' in the vicinity of 
T(0), and if the derivative of S do not vanish there, then when 
S and T are expressed as positive integral powers of t, they have 
the same characteristic exponents, and proportional coefficients for 
them. 

Theorem 10] Jf 7(0) 40, then terms with characteristic ex- 


ponents in the development fz in terms of 7 are 


a 


a cl 


Ay 
: The, = Tha 
a a 


Let us next suppose that we have two series, 
C+-CoTPo+Cy7P1--... Cy #9, 
d+dor?ot+dy7Pi+... . 

An exponent shall be said to be ‘characteristic’ for the two 
series, if it appear in at least one, and be not divisible by the 
highest common factor of all smaller exponents that appear in 
either series. We shall also assume that if p, be a characteristic 
exponent, Co Cr 0 
Let us change the independent variable, writing 


£Po == CytPot-CyTPi- ... 


1 
7 = Icy pot pyt+p.t+...]. (13) 
The lowest exponent in the parenthesis which is not divisible 
by po iS py—Po- Suppose there were a lower one, p;, the lowest 
of all such. Then cy? would give a term tote: This would 
have to be cancelled in the expansion for ¢?» by terms coming 
from higher powers of 7, say ¢;r#.. The outside ¢ would have an 
exponent greater than py but less than p,, and so divisible by 
po; the power of ¢ taken from the inside would have to be less 
than p;, yet not divisible by po, and similarly in the expansion 
for cr there would have to be a term to a power less than p,; not 
divisible by py, which contradicts the hypothesis. 
If po <pi<Po> the term 7? will not produce a és, for p; is 
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divisible by py and the exponent of the term taken from the 
inside is less than p,—p, and so divisible by pj, whereas p, is 
not so divisible. Hence, such an expression as ¢?« can only come 
from 7Po and Pa, and as the two must cancel one another in the 
Patd 
CyCo Po 
Po 
In general, the characteristic exponents in the expansion (13) 
AL€ Pyo—Py» Po—pp,---, and the corresponding coefficients are 
_Pa-+1 _Pp+1 
+E C0. po __ plo po 
po aoe Po 
Now let us substitute for 7 in the second equation. The 


expansion of ¢/o, the coefficient of tfa—Po in (13) must be — 


coefficient of tPo will be do An exponent between py, and p, will 
Co 
be divisible by the former. The next characteristic exponent 


anes 


will be p, with the coefficient '—°—_~ dy “'+0, and, in general, the 
ogee 


characteristic exponents are po, py, pg,.-. and the coefficients 


Cy Cy Co Cg 
dy dy dy dy dg 
os ines wae 
Theorem 11] Given two series 
C+ Cyto-+-c,7P1-t-... 
d+dyrPo+d,7Pit... 
with the characteristic exponents po; Py pg, and with a Tae 


#0, 


on the coefficients that if p, be a characteristic exponent 
then if Cy £0, and if we write 
tP0 — CyrPo-+-C,7P1-+... , 
the second series when expressed in terms of t will have the same 
characteristic exponents as the original two series. 
Suppose, lastly, that we have a branch written in the normal 


form (10). An exponent shall be defined as ‘characteristic’ if it be 
not divisible by the highest common factor of all the exponents 


Anes 
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that have previously appeared in any one of the series. We 
know, by the way that the normal form was derived, that 
lyaoa| A 0. 
Theorem 12] The characteristic exponents of a branch in normal 
form are unaltered by a linear transformation of the plane. 


Let us assume that y, is not equal to 0. By theorem 10] = 
3 
has the same characteristic exponents as 23, with the coefficients 


a a f ee, 
—-, ow . These will also be the characteristic exponents 

Y3 ¥3 

2 ' : 
of 1, 2, the coefficients being 

wz Xs 

41 Ys Yo Ys 
Ain Ue Aq Wea 
— ai oa 3 = fai OT geeee 
¥3 ¥3 


These could not both vanish, for then we should have 
Yr: Yo: Ys = AMW14* V20* U0 
which is contrary to the definition of the normal form. We 


may, therefore, write 


a 
== b= y+ CyrP0-ey7Pi-.. 
es 


wees Yotad oto dy7Pi+.... 
us 


It appears, then, that these two series have the same charac- 
teristic exponents as the three series of the branch. We thus 
get from 11] 

Theorem 13] If a branch of a curve be written in the normal form 


Ly = Yy+- Ag Tho yy TP 1+... 


Lo = YotAgyTPo+y7P1+... (10) 
Ug = Yu AggTP0--Agy TPL... 
lyaoa;| A 9, 
it may also be written in the simplified form 
L = Xy+tPo Y = YotAgtPo+ay,tri+.... (14) 


The characteristic exponents are the same for the two forms. 


{Sere a | i 
“ * 
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§3. Intersections of two branches 

Definition. Given two branches with a common origin (y), 
Ly =YytAyorP°f ay... = Yt AyT’™+4+Ay T+... 
Vy = YotAgoT-AyyTPI... Ly = Yat Ago +AyT™+... 


Lz = Ygt+AgoTP?+- Ag 7P1— ... fig = Ygt+AgyT+Ag,T™ +... 
p 
If we put 7 = me the infinitesimal order in 7 of the expression 
&y & Es 
Po} \%1 72 % 
& X_ Xs 


where (€) is an arbitrary point, shall be called the ‘propinquity’ 
of the two. 

It is evident that it is unaltered by a linear transformation 
of the plane or by dividing through by any analytic function 
of 7 which does not vanish with that variable, or by the replace- 
ment of 7 by an analytic function thereof which is defined for 
7 = 0 and whose derivative does not vanish for that value. The 
propinquity will, thus, remain unaltered under all those trans- 
formations which carry our form (14) into the form (10). But 
when we have two branches in the form (14), 


L = Ly +to f= 2% +T Fo 

Y = YotaotPota, tit... G=YtA T+A, T+... 
the propinquity, which is merely the infinitesimal order of the 
expression *Yy—7, turns out to be the smaller of the two 


(15) 


quantities P#+ , Fuss 
Po Ry 
a,—A, Per tate ea Ue Pee 
: : Po fo a me 


Let us now see just how many intersections the two branches 
(15) have at (x9,¥). We write them in the form of fractional 
power series He 

Y = Yo+Ay(X—2Xq)+-a,(u—aXy)Po-+... 


a z 3 = 
y= Yo +Ay(®—Xq)+Aj(E—2q)Ro+ sone 
The number of intersectionsis, then, the degree ina—x) = %—a2y 
of the expression II(7;—y;,), 
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where y; is given each of its py values, and j; each of its Ry. 
If a ~ Ao, this is clearly py Rp. 

Theorem 14] If two branches have different tangents, the num- 
ber of their intersections is the product of their orders. 

This will lead immediately to a new proof of the fundamental 
intersection theorem 10] of Book I, Ch. II. 

To find the number of intersections in the general case, let 
us pick that determination of 7—y, and that one of y—yy which 
yield the greatest number of intersections. Let us assume that, 
in that case we have the relations (16) with the additional 
inequality. Let us call these the determinations* 9,—Yp, ¥,;—Yo- 
How many determinations of y—y, are identical with y,—Yp 


Pu. 
up to the term A,(X—Ay)po 2 Such a determination is obtained 


by replacing Pate by 6" (2 —ar9)ps where 6°0= 1. We must 
have Oo = 1 — Om, — 1 
Mpy = Mp, = ... = mp, = 0 (mod py). 

For how many different values of m < py can these congruences 
be satisfied ? Let the highest common factor of pg, p,,..-, py be 5,. 
Po Aon Pr=AGuses Py =ApOy 
mp; = mAs, = 0 (mod ,3,,) 

mA, = 0 (mod Aj). 
Let m = pq, Ay = po, for Ay cannot divide every 4; as 6,, would 
not be the highest common factor of the p,’s: 
pqa, = 9 (mod po) 
gy; = 0 (moda). 
Now o cannot divide q by hypothesis, and it could not divide 
A, and A,, for then the highest common factor of the py’s would 


be 6,0. Hence o= 1, fesahene De. 


But m<py=5,. Hence q<6,. The condition is necessary 
and sufficient, or m takes Sy different values. 


In the same way we find that the number of determinations 


which coincide with 7,—y) up to and including the term 
PAST 
a_,(a—2y) po is 5), but from these we must, of course, deduct 
* The next few pages are very close to Jordan’. 
3781 Q 


ew . 
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those which coincide further. The total number of coincidences 
with values 7,—Y, will be 


S! G18) 848,22. 

= Po Po 
We pass from 7,—y) to another value 7,,—y) by replacing 
Ca by Gieleae ie. by replacing A, by 6 ie A,,. but 
at the same time we shall replace a; by 6 roa, since & = fy 


Po 0 
Hence the total number of intersections is 


x Pa yap 
—6)) “+6, 1. 
Ry I> ()-1 amie m 


Po 


It remains to show that this is an integer: 


Pa _ fy R=" R, 


Po fy Po 
Po 2 acP\ ee 5) Ry = 
R, a Ry a Ay oe Putt >t Ay Pus 


Lastly, let us notice that if p, be divisible by 5_,, then 8)_, = 8), 
so that we need consider only the characteristic exponents. 
Theorem 15] Given two branches with a common origin (y) in 
normal form 2; = Yi digl-a, t+... 
E,=Y,+Agl +A, TE -+... 
with orders Ry and po respectively. Let the highest common factor 


of the characteristic exponents po, py,..-,p, be 8, and that of the 
characteristic exponents Ro, Rg,..., Ry be Ay. If we put ter— TRo 
and if the propinquity be P#*1, then the number of intersections of 


’ 
the two branches is 


ps (8)-1—-8)) Ry +A, Puss (17) 


whereas, if the propinquity be ete ; it is 
0 


x (8,-1—8)) By +8, Ry st. (18) 


Since the only exponents involved are the characteristic ones, 


finite in number, and Puta B41, we shall get the same number ©. 


; 
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of intersections if we disregard the subsequent terms in the 
power series, and treat our curves as if they were rational curves 
completely given by the polynomials which remain out of the 
series. 

Theorem 16] In finding the intersections of two branches with 
a common origin, we may replace each given curve by a rational 
curve having in the given position a singular point whose branches 
are of the same order, same characteristic exponents, and same 
propinguity with the branches of the other curve.* 


§4. The effect of a quadratic transformation on a branch 
It is time to see what effect a standard quadratic transforma- 
tion will have upon the significant numbers connected with a 
branch. There are five different cases which might be studied 
but we shall merely take up two, that where the origin of the 
branch is not a fundamental line, and that where it is at a 
fundamental point but the tangent to the branch is not a funda- 
mental line. In the first case our branch can be written 


Ly = Yi bho 
Ly = Yot A_tPota,tPit... 
= Y3= 1. 


Writing xv; = x2, 
By = Ly = Yo+AylPo--a,Hi-+... 
Hy = Hy = Yy tho 
3 = YyYot (YiAo t+ Yo)tPo+ Aol*Po-ay yt. 
The order will still be py since the continued proportion 
Yo? Yr? Yr Y2= U2 12 YM Ye 


could not hold when no (y) vanishes. The characteristic ex- 
ponents will be as before, for the three-rowed determinant 
associated with a characteristic exponent p, is 


Ye Xs ay 
YY 1 0 |=QY1Y2 ~ 9. 
YY Yrtot+Yo Yi% 


* This concept has been much elaborated by Brill’. 
Q 2 


at ae a 
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Suppose that we have a second branch with propinquity ae ; 
&,=y,+T% 
= yo AyT+A, T+... 
f3=Y3,=1 
© = Yat Aol'*+... 
t= yy tT™ 
#3 = YW, Yot(YiAgtYyo)T +... 
put 


Px Exe’ | = pt Po +... 

Theorem 17] If two branches have a common origin which is 
not on a fundamental line for a standard quadratic transformation, 
their orders, characteristic exponents, and propinquity will not be 
altered by the transformation. 

Theorem 18] The number of intersections which two curves have 
at a point which is not on a fundamental line of a standard quad- 
ratic transformation will be equal to the number of intersections 
which the transformed curves have at the transformed point. 

Let us now assume that our singular point is a fundamental 
one for the transformation, but the tangent is not fundamental. 
We may write the branch 


t= tPo 
Lo = AptPo+-a,tPr 
t3=1 


20. 


= — Vr 
Vv {Po k 


Ly = Ay+a,thi-Po,.. 
X= 1 
Here we have several cases to deal with. 
A) pi—po <po- The order of the branch has been reduced. 
We might think that the characteristic exponents had been 


reduced also to py—pp, but such is not the case, for the corre- 
sponding two-row determinants are 0. The characteristic ex-- 
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ponents are as before, for the terms involving them appear only 
in x3, and the two-row determinants are of the form 


B) pi—po = po. The order has been untouched, but the 
characteristic exponents reduced by pp. 

Theorem 19] When the origin of a branch of higher order than 
the first is fundamental for a standard quadratic transformation, 
but the tangent is not, either the order or the characteristic exponents 
will be reduced by the transformation, and neither can be increased. 

Theorem 20] Every curve may be reduced by a factorable Cre- 
mona transformation into one with only branches of the first order. 

Suppose, now, that we have two curves with branches of the 
first order tangent to one another at a fundamental point, we 


write them wihett 
Ly = a,t+a,t?-+ es ah ie LS Vai 
Yaa 1 
Z,=t 
#, = a,ttagt?+...ta,t¢+A, t+ 
f= 1. 


The transformed branches will be 
Ly = a,+4t-+ veo FO y 4th eee X4 = Q,+at-+- oP Ayal se eee 
eat e,=1 
13 = Ayt+Oef+... A, tt... Fg= yt apt... FA, tlt... 
and the propinquity will be cut down from p+ 1 to p. 

Theorem 21]. Any two curves may be carried by a factorable 
Cremona transformation into two with only ordinary singularities, 
which are nowhere tangent to one another. 

This is merely theorem 2] of the last chapter. 

Our theorem 16] may be generalized very easily by taking 
a general analytic transformation of the plane. Let us prove 
the obvious proposition that the number of intersections of two 
curves at a point where the Jacobian of the transformation does 
not vanish will remain unaltered. 


L= Xo? Y = Yolo a,tPi-.... 
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Let ar! — ae = 042 —2y)-+ By (Y—Yo) + | 
y—Yo= V(t Aq) +8, (Y—Yo) + --- | 
a Py +0. 
v1 94 


The transformed branches will be 
x’ = Ly + (a, +f a)bPo+... 
y' = Yot (Vi+5149)tPo+... . 
We could not have yn een 


¥1+6,a = 0, 
for then a By = 0. 
V1 8, 


The order of the branch is unaltered. In the expansion of x’ the 
exponents between p, and p, must be divisible by po, and so 
are not characteristic; the first characteristic exponent is p,, 
provided the corresponding two-row determinant is not 0. This 
can only come from y—yYp, hence the determinant is 


+P Bid. ay By 
¥1t+81% 91% v1 % 
In the same way we shall have the characteristic exponents 
Pp» Py»--- for the two-row determinants will take a form like that 
just given. 
Suppose that we have a second branch 
E=Xy+Th G§=Y tA T+A, Tm 
XL = xp +(a,+f,A,) T+... 
7 = Yot(wi+9j;Ao)T +... 


ay, #9. 


aed © [(oy +P yaq)tPo+...] [(oy+f8,2'%)+...] 
oof |n ¥! G'| = pol | [(yy+8 49)tPo+...] [(yy+6,7'*)+-...] 
NMET YETI 1 1 1 


If we put to — 7'® and call 4+ the propinquity of the two 
p 


. . . (M 
original branches, the expression above takes the form 


Putty 


pt Peo sea. 
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Theorem 22] The number of intersections of two curves at a 
point where the Jacobian of an analytic transformation does not 
vanish is unaltered by that transformation. 

This theorem is so evident that one seldom bothers to prove 
it. Let the reader devise another proof suitable for non-algebraic 
curves. 


CHAPTER III 
CLUSTERING SINGULARITIES 


§ 1. The general idea of clustering singularities 
In the last chapter we showed in detail how the number of in- 
tersections of two branches with a common origin may be deter- 
mined from their characteristic exponents and propinquity. The 
same problem may be studied by watching the effect of successive 
standard quadratic transformations on two intersecting curves. 
Suppose that two curves of order ,,7, respectively share a 
point whose order for the one is 7, and for the other r,. The 
number of intersections there will depend on a certain number 


' 


of the coefficients and exponents in the power-series develop- - 


ments for the different branches. If we take the chosen point 
as fundamental, while no tangent thereat is so, then the three 
fundamental lines will meet the first curve elsewhere in 7,, 
N4—T, 24—7, points, all distinct we may assume, and the second 
one, likewise, in %., N»—712, N_—Yg distinct points. The trans- 
formed curves will have ordinary singularities of just these 
orders in the three fundamental points, and we may imagine 
the tangents to one distinct from the tangents to the other. 

Let N be the number of intersections which the original 
curves have at the given fundamental point. The number of 
their other intersections will be, by Bézout’s theorem 9], Book I, 
Ch. I, nyn.—N, and such of these as are not on fundamental 
lines will be carried over into equal groups of intersections for 
the transformed curves by the last theorem of the preceding 
chapter. The total number of (2n,—7r,)(2n,—7,) intersections 
of the new curves are accounted for in the following way: 

A) nn, intersections at the first fundamental point; 

B) (n,—7,)(ny—r,) intersections at each of the other funda- 
mental points ; 

C) nyn,—N intersections not on any fundamental line ; 

D) N’ intersections on the fundamental line opposite the 
singular point: 

(224 —1)(2m2—1p) = NyNg+ 2(Ny—1)(Nz—7,)-+-2yng—N +N’ 

= (2n\—1)(2n.—1,)+-1yr2—N +N’ 
N=ryr,+N’. 


‘ ; 
i 
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Theorem 1] If an intersection of two curves be fundamental for 
a standard quadratic transformation, though neither curve touches 
a fundamental line there, and if they be quadratically transformed 
into curves with only ordinary singularities and different tangents 
at these three fundamental points, then the number of intersections 
which the first two curves have at the given fundamental point is 
the product of the orders of this point for the two curves, plus the 
number of intersections which the transformed curves have on the 
opposite fundamental line.* 

It appears, thus, that our original curves intersect as though 
they had two ordinary singular points of order 7, and r, re- 
spectively in common, as well as other complicated singularities 
infinitely near, yet the latter are necessarily of slightly improved 
structure, as we saw in 19] of the last chapter. Let us fix our 
attention, for the moment, on a single curve f. 

The singular point shall be O,, the other fundamental points 
O, and O,. The first transformed curve shall be f’. It will have 
singular points at O,, O,, O3, and a series of singularities of orders 
i719) ete., at points O3,, O%9,... of O,0,. The total number of 
intersections with 0,0, at these points will be r,, but this may 
well exceed the sum of their orders if there be tangency at any 
point. Let us take an arbitrary conic through O,, O0,, O3, and 
Q,, Q, as two arbitrary points thereon. Let us make a Hirst 
quadratic transformation of the type (6) of Book II, Ch. I, 
using as fundamental the points Q,, Q., and Q; the pole of 
Q,Q, with regard to the conic. All points of the conic but 
Q,, Q, are non-fundamental in this transformation and stay in 
place, the general structure and intersections of curves passing 
through them will be unaltered. This will be the case with 0,, 
O,, and O3. Our curve f’ is carried into a curve ¢’ of order 
2(2n—r,) with ordinary singularities of order n,—71,, %1—1, and 
n, at O,, O., and O, respectively, and with points of like structure 
to 03,, O45, etc., at the transforms of these. Now take two points 
Q;,, Q% infinitely near to Q, and Q, on the same conic, and Q3 
the pole of their line, and transform again in the same way. 
The product of these two Hirst transformations will be a factor- 
able Cremona transformation, which differs infinitesimally from 
the identity, an infinitesimal Cremona transformation in fact, 

* Cf. Néther?, p. 326. 
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which carries f’ into a curve $” of order 4(2n;—1) with singu- 
larities exactly like those of f’, besides three of high order but 
simple structure at Q4, Q5, Q3.- 

The curve ¢" lies infinitely near f’ and has singular points 
exactly like O34, 03}, etc., but off the line 0,0). Hence, when 
we transform this by our original standard quadratic trans- 
formation, we shall get a curve which lies infinitely near f and 
the fundamental lines counted twice, with an ordinary singular 
point of order r, at O3, and other singularities infinitely near of 
the structure of O,5, 055, ete. 

As an example of how this process works, consider a curve 
with a ‘beak’ at the point O3: 


0= (p 4X1 + PoXg)*ah 2+ ps (P11 + Po), Le ]x3~° tee 
This will become 


0= (D1. Poet)? 2a 2+ ol (PX Doty) Jp Pay Fa§ + tees 


Let us write Ly = py +rk, 
Ly = —PotrSo 
&3 = Es 


and substitute. We have two roots A= 0, except when 


Po &4+P1€o = 9, 


when there are three. Hence the transformed curve has a cusp 
on x,;=0 at the point (p,,—p.,0). Moving this off a slight 
distance and transforming back, we have a curve, infinitely 
near our original one, with a node, and a cusp infinitely near 
thereto. 

Our original singular point at O, will be the limit of an 
ordinary singularity, and a number of approaching singularities. 
But each of these may be analysed in the same way into 
ordinary singularities and others approaching. Continuing thus 
we find, no matter how complicated the original singular point 
is, it may be treated as a limit of approaching ordinary singular 
points. 

Theorem 2] Any singular point is the limit of a system of con- 
verging ordinary singular points, whose orders are given by those 
of the points to which it is carried in a standard quadratic | 
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transformation, the corresponding numbers for these points, and 
sO On. 

We shall say that we have at O,, under these circumstances, 
clustering singular points O3, 031, O49,..., 03;,, O3;, .. of orders 
Ty Tray Tras Tri» Trig» OF that O, is the leader of a ‘train of 
infinitely near singularities’. This means that O, has the multi- 
plicity r,, its first transforms have the multiplicities 7,,, ry9,..., 
theirs in turn the multiplicities r,,,.....The positions of the 
clustering singularities are known in the sense that the positions 
of their first transforms are known when the transformations 
are chosen, and so on for the second and subsequent transforms. 
Thus a second curve shall be said to have a certain multiplicity 
at one of the clustering points if its corresponding transform 
have that multiplicity at the corresponding transformed point. 
There are two points of view, the inexact one where we visualize 
these points as nestling very close to O, and approaching it as 
a limit, and the exact one where we consider our language as a 
way of speaking of a point on a curve, the transformed points 
on a transformed curve, and so on. In any case the conditions 
requiring a curve to have assigned multiplicities at clustering 
singularities are linear in its coefficients. We get from a repeated 
application of theorem 1] 

Theorem 3] The number of intersections two curves have at 
a point is the sum of the products of the orders of multiplicity for 
the two curves of that point and all the following infinitely near 
points where each has an order greater than 0. 


§ 2. Singularities of a single branch 

It is time to try to link up this geometrical idea of clustering 
singularities with the arithmetical analysis of a single branch. 
This is necessary in order to make sure that they represent 
something inherent in the curve and not an artificial super- 
structure introduced through the quadratic transformations. 
We see from what went before theorems 19] and 20] of the last 
chapter that if the order of a branch be less than its class, the 
order is not reduced by a quadratic transformation, but the 
characteristic exponents are. If there be any terms with ex- 
ponents between py and p,, the next characteristic exponent, 
the class cannot be less than the order, and the order of the 


va 
obar 
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branch will not be reduced by a quadratic transformation. Let 
us look for 5,, the highest common factor of pp and py. 


Pa =UPot% 
Po = 191+ %F 
01 = 4292+ 93 
F)-2 = M1918 
1 = HSq- 
These equations show that we can make g,—1 successive trans- 
formations without reducing the order of the branch, i.e. there 
are q) points of order p, clustering together, then q, of order . 
01, G2 of order oy, and then g) of order 5,. There may be still 
others of this order, but they will involve the term ¢?s, whereas 
so far we have only involved the terms #/9, ta. 
In order to proceed further we must watch closely how our 


characteristic exponents are affected by the various quadratic 
transformations. At first they were 


Por Par PBs Proves 
After one quadratic transformation 
Po> Pa—Po» PB—Po-++> PX—Po- 
After a second 


Por Pa— Por PB—2Pos+++» PA—2Po: 
After qy—1 


Pos Pot Sr PB—Pat Pots PA—PatPot%:- 
Next there comes a change; the order of the point is altered. 


They are 
“f 1, Pos PB—Pat Pot PA—PatPot%: 


After q,—1 transformations of this lot they are 
Oy, FFF, PR—Pyt 204+ Og50+-5 Py—Pg t+ 201+ Op. 
After the next 
G2, Oy EER Pact Oem San “PATS Path OP ash Os 


By ¢ PA-paPp Sr Hew ts 995 PAS gut aa 


Here the second exponent shown is not chatantaeie since 
the quantities o,, o9,... are all divisible by 8, we may keep on 
transforming till we get the series of characteristic exponents 


Bas PB—Pas+s PX—Poe 
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The highest common factor is now 6g, and we may begin the 
process all over again. 

Theorem 4] The orders and numbers of the successive clustering 
singularities into which a complicated singularity may be decom- 
posed are calculated from the quotients and the remainders in the 
process of finding the highest common factors of the successive 
characteristic exponents. 

This shows that the orders of these points are intrinsic to the 
form of the curve in that vicinity, and are not dragged in from 
the outside by the process of successive quadratic transforma- 
tions.* 

There are times when we are concerned not only with the 
orders of the clustering singularities but with their situations, 
which amounts to saying the directions of the tangents at the 
various singular points created by the quadratic transforma- 
tions. We start as before: 


L} 

Ly = 1p? Y= 2 Lol, = Ay+a,iPi- Po... 
I 

Lo = AglPota,tht x= eee 1 
1 

ip | Lame res a AglPo-a,tPi+.... 


These equations are not in proper shape to proceed. We work 
them by a simple linear transformation into 


Ey = L,— Ape +X3 = AplPo-aytPi Po... 
fo= t= 1 
Lz = Xe = AplP-a,t. 
The equation of the tangent 7,—«, = 0 1s independent of ay. 
By a change of variable we may write these 


xy = ffo 
at, = (Pot A fPi-Pot., 
Ae pal 


Let us assume first that Pi1=P the first characteristic ex- 
ponent. The equation of the tangent is #,—@,=0, and A, is 


* Cf. Nother’*. 


238 CLUSTERING SINGULARITIES Book II 
a function of a, and a,. If we make q, of these transformations, 


we get é, = Arn 


&,= A,T%+A,T™, 
where the equation of the tangent is £,—&, = 0 independent of 
a,, and A, is a function of a) and a,. Proceeding thus we see 
that we have q, points of order po, q, of order o,, etc., whose 
positions are independent of a,. They would have the same 
situations as those of a second branch: 


w=t'Ro 8 = aot *+-b,t'™-.., aw 

Ry, _p 
Let pve, caste 
Ro Po 
Palty a FR yPpo- 

Po = ToPor% Hence Ry = qoRy+ Sy 

Po = 19%1+ 2% Ryo =G5148e 

01 = 202193 S,=q,8,+8 

0-1 = Hoa Sia se Gio 


The number of points of order 5, depends upon the quantities 
o as well as g and need not be the same for the two branches. 
In general, 
S, = —a;. 
Po 
We have supposed that p, and R, are characteristic exponents. 
Our branch will share with every other of the same order, class, 
and tangent: 
do clustering points of the order py 
q, clustering points of the order o, 
qo, points of the order o, 


All these are independent of a, and the subsequent coeffi- 
cients; they are said to be ‘satellites’ of the point first given.* 

Theorem 5] Jf the class of a branch be not divisible by the order, 
every other branch with the same origin, tangent thereat, and the same 


* This conception of satellite points is due to Enriques. Cf. Enriques- 
Chisini, vol. ii, pp. 364 ff. 
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ratio of order to class will share therewith a number of clustering 
satellite points whose orders are proportional to those for the first 
branch, and whose numbers are determined by the process of finding 
the highest common factor of order and class. 

Let us return to the more general case for « and assume as 


before Pe — = . Suppose that this gives the propinquity of the 


Po 0 
two curves, then dp, qj,...,@,—, Will take identical values for the 


two and the tangents will be the same until the terms fo or 
T®« come into play. 

Theorem 6] If two branches have the same origin, and if their 
propinguity be given by the ratio of the first two characteristic 
coefficients of the two branches, then they share a number of 
clustering satellite points whose orders are proportional, and whose 
numbers are determined by the process of finding the highest com- 
mon factor of the first two characteristic exponents. 

This theorem shows us that we are not, by any means, free 
to assume the order which clustering singularities of one curve 
shall have as points of another. The order never increases as 
we proceed; the order of a point is always as great as the sum 
of the orders of those that immediately follow, from the develop- 
ments at the beginning of the present chapter. If two curves 
share satellite points, as determined above, we are by no means 
free to assume their orders for the one. Here is an example. 
Let us take a rational quintic curve: 


eis Ly = al?+bt? Cod 
If we make a standard quadratic transformation we get 
x, = a+b? ee 1 x3 = a+ be?. 

This curve has a cusp. A second quadratic transformation 
will carry the cuspidal branch into a branch of the first order 
tangent to a fundamental line. We may then say that the 
original curve has a cluster consisting of a triple point, a node, 
and a single point. Let us require a second curve to be non- 
singular at each of these three places. Its first transform must 


pass through the cusp and touch the cuspidal tangent, hence 
it must be of the form 


&satbr+.. &=1 = ptt... 


240 CLUSTERING SINGULARITIES Book II 4 
Hence the original curve must have been of the form 


&,=prtqr+.. &=apr?+(ag+fp)+... §=a+frt..., 


and this has a cusp, and not a non-singular point at (0, 0, 1). 

A complicated singularity may well involve not one branch 
only but several, and a cluster may include points of different 
branches. It is easy to devise examples of such singularities by 
running a train of standard quadratic transformation backwards. 

Although it is not always possible to assign the exact multi- 
plicity for a curve of each of a number of clustering singularities 
of another curve, yet in some cases we may do so with a certain 
freedom, and, what is more, determine the number of indepen- -’ 
dent linear conditions imposed. We saw in the reasoning that 
first led up to Néther’s fundamental theorem 15] of Book I, 
Ch. II, that if a curve have distinct ordinary singularities at 
assigned points and be of sufficiently high order compared with 
the orders of the singularities, the linear conditions imposed are 
independent. Moreover, no unexpected singularities are intro- 
duced in this way. Let us try to apply this to curves with 
clustering singularities. 

Suppose that we have succeeded in proving that for every 
curve that can be resolved into one with only ordinary singular 
points by NV standard quadratic transformations, and, perhaps, 
some collineations, if the order be sufficiently high, the imposi- 
tion of permissible distinct singularities at a set of given distinct 
or clustering points will impose distinct linear conditions, and 
no unexpected singularities will appear. We wish to pass to the 
case of a curve that will require N quadratic transformations. 
Suppose there is a curve of order n which is very high, with just 
the assigned singularities, which singularities require N quad- 
ratic transformations to become unsnarled. Make a standard 
quadratic transformation with O, at a point of order 7, as usual, 
getting a curve of order 2n—r, with three ordinary singularities 
of order n, n—r, and n—ry, and this can be unsnarled by N—1 
quadratic transformations. Now let n’ be so large that indepen- 
dent linear conditions are imposed on a curve of order 2n'’—7r9, 
which is required to have exactly the desired singularities at the 
singular points of the curve just constructed, except that at 
O,,0,,0; they are of orders n’—r}, np—ri, and n’ respectively. 
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Moreover, we may assume that undesired singularities are not 
introduced. Transforming back, we get a curve of order n’ with 
exactly the singularities desired. With regard to the amount of 
freedom, let & be the number of conditions imposed on the curve 
of order 2n’—po by the singular points other than 0,, 04, O3. 
Then the freedom of this latter curve, which is the freedom of 
the curve of order n’, is 
(2n'—r4)(2n'—rp +3) _n'(n' +1) _ 9 (nr \n' rp 1) _ 
2 2 2 
_w(+3)_ rirp+1)_, 
2 2 d 

and this shows that the conditions imposed on the latter were 
independent, nor has it, necessarily, any undesired singular 
points. 

Theorem 7] The distinct or clustering singularities of a given 
curve will impose independent linear conditions conformable to 
their multiplicities and situation on a curve of sufficiently high 
order, and no undesired singular point is thereby necessarily 
created. 


3781 R 


CHAPTER IV 
ADJOINT CURVES AND PLUCKER’S EQUATIONS 


§ 1. Adjoint curves in general 

Derinition. A curve shall be said to be ‘adjoint’ to a given 
curve if at each distinct or clustering singularity of order 7; of 
the former, the latter has a multiplicity r;—1 or more. The 
conditions imposed are called the ‘adjunction conditions’. 

In order to show that this definition is not completely vain, 
it is necessary to show that there do exist, in fact, adjoint 
curves, besides the curve itself and others of as high or higher | 
order. We know that there are surely such curves when the 
singularities are distinct and consist in ordinary singular points 
and cusps. In particular the first polar of a general point is an 
adjoint, and the multiplicity at a singular point is not higher 
than desired. Let us prove that this is always the case. We 
assume that we have shown that if a curve can be carried into 
one with only ordinary singular points by N—1 quadratic 
transformations, a general first polar is an adjoint. Let f be 
a curve of order n, with a singular point of order ry at O; which 
requires NV transformations. We may write its equation 


f=>M,7ie}03=0 Atptv=n. 
The first transform will be 
FSD aya itayahier = 0, 
We may assume that the point O, has no disturbing invariant 
relation to our curve f. Its first polar will be 


of 
Fp, =D HOt lag tay = 0. 
vs 
The transformed curve will be 
8 SE pny sat” Sa} = 0, 


The first polar of O, with regard to f’ is 


rs) 7 
Soa 


UE (1) 
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By assumption = is an adjoint to the curve f’ which can be 
2 


untied by N—1 quadratic transformations. Hence ¢’ is also 
an adjoint. The curve al has the right multiplicity at O, for an 
2 

adjoint, at the following singularities of that cluster, if there be 
any, and at the other singular points it also has the correct 
multiplicities since ¢’ has. 

Theorem 1] The first polar of a general point is an adjoint. 

Theorem 2] The adjunction conditions are independent for an 
adjoint of sufficiently high order. 

We shall see in a later chapter that they are independent for 
every adjoint whose order is not less than n—3. When the 
order is below that number there may be no adjoints at all. 


§ 2. Residuation 
We saw in Book I, Ch. II, Nother’s fundamental theorem 15], 
that if two curves have in common only non-singular points, or 
ordinary singularities, with the respective orders r,; and s,;, then 
every curve which has a multiplicity r,+-s;—1 or more at each 
such intersection can be written 
f= ¥o+4'h =, (2) 
where ¢’ has multiplicity r;—1 or more, and ’ multiplicity 
s;—lor more. Let us assume that this theorem holds in every 
case where the common singularities can be unravelled by N—1 
quadratic transformations, and let us consider the case where 
N are needed, and take one common singular point at O,, the 
multiplicities there being 7) and sy, while the orders of the curves 
are n, and n,. The order of the curve f shall be n. We make 
a standard quadratic transformation, getting the curves f, ¢, sb. 
If the order of f be sufficiently large, f will have high enough 
multiplicity at O,, O,, Oz to fulfil the requirements. At the other 
intersections of ¢ and ¢ it will do so, since f does so with regard 
to ¢ and ys. The intersections of ¢ and % can be unsnarled by 
N—1 quadratic transformations, by hypothesis; hence 
fa¥b+bp=0. 

At this point we are tempted to go ahead light-heartedly, 

make our standard quadratic transformation, and try to throw 
R 2 


1 SE 
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this equation back into the form (2). Unfortunately things are 
not quite as simple as that. The result of the substitution 
might not give us f, but «ix#a3f, and it is not perfectly clear 
that the extraneous factors can be divided out. We must make 
an elaborate table of orders and multiplicities. 


Multiplicity at O, 


Order. and O,. Multiplicity at O35. 
f 2n—ry—s,—1  n—ry—8+1 n 
Gf WMy—To 4s pee My 
bb 2ne—S8p Ny—8p Ng 
fd An—Ny)—7To+1 ny—1Ty—1 n,—1 
pb 2n—n,)—s+1 n.—s,—1 N,—1 
Py’ 2n—ry—Syp +1 my +N_—Ty—Sy—1 1y+n,—1 


We may replace i’ by #’+ 6, and ¢’ by ¢’—0¢ where 0 is a 
polynomial of order 2(n—n,—n,)+1. When n is very large 
indeed, the number of degrees of freedom of this is of the same 
order of magnitude as 2n?. The number of conditions to be 
imposed on 6 to give + 0% as high a multiplicity as f at O,, O02, O5 


2 
is of the order of magnitude of = and so less than the above. 


Hence we may imagine 6 so chosen that #’+ 0% has at least as 
high a multiplicity at O,,0,, O, as f, and, by the identity 4’ —64, 
must have as high multiplicity also. When we transform back 
the extraneous factors 2,2 2,23 will appear to as high powers 
on the right as on the left, and so divide out of the latter. Let 
us notice, lastly, that although we have assumed here that f is 
of very high order, when Nother’s theorem is established for 
curves of high order, we may establish it for curves of lower 
order exactly as in Ch. IT of Book I. 

Nother’s Fundamental Theorem 3] Given two curves 4 and 
s which intersect in distinct or clustering points. Every curve 
which has a multiplicity r,+-s,—1 at least at a common point 
where ¢ has the multiplicity r; and b the multiplicity s; has an 


equation of the form f=v’stdy=0 (2) 
where x" has at least multiplicity s;—1, and ¢' multiplicity r,—1. 


The next theorem comes exactly as in Book I, Ch. II; we 
take over the definition word for word, it being understood - 
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that when we speak of singular points we mean distinct or 
clustering. 

- Definition. Two groups of non-singular points are said to be 
residual when they constitute the total non-singular intersection 
with an adjoint curve. 

Residue Theorem 4] If two groups be residual to a third, every 
group residual to the one is residual to the other. 

Two such groups are defined as co-residual. 

Definition. Two groups of non-singular points are said to be 
‘pseudo-residual’ with the excesses 2,,A,,... where A; > —(r;—1) 
if they constitute the total non-singular intersection with a curve 
which has a multiplicity at least 7,;+-A;—1 at each singular point 
where the given curve has the multiplicity 7;. 

Gambier’s Extension of the Residue Theorem 5] Jf two 
groups be pseudo-residual to a third, then every group pseudo- 
residual to the first with an excess greater than or equal to the excess 
of the first less the excess of the second, is pseudo-residual to the 
second with a positive or 0 excess. 


§ 3. The genus 

Definition. Suppose that a curve of order has clustering 

or distinct singularities 03, 03,, Ogo,..., O3;;,.... ete., of orders 79, 

Tors Toa» Toiz, ete. The expression 

(n—1)(n—2)_Pol%o—1)_ D> oelr—V)_ D> oislTos—1)_—— = p (3) 
2 2 2 2 

shall be defined as the ‘genus’ of the curve. Let us take a 

standard quadratic transformation with O, fundamental. The 

genus of the transformed curve is 


(2n—1r,—1)(2n—1)—2) pene bye 9 (n—Ty)(n—To—1) __ 
2 2 2 
Dd oltoo—1) _ > Tois(Fois—1) 
2 2 
BD te \\t==2) folta 1) > Toi(orc—1) ne Tois(Torg— 1) 
we 2 2 2 2 


<= p. 
If we keep on in this way we finally reach a curve with only 
ordinary singular points whose genus is that of the original one. 
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Theorem 6] The genus of an algebraic curve is equal to that of 
any curve with only ordinary singular points and cusps to which 
it may be reduced by a factorable Cremona transformation. 

Theorem 7] The genus of an algebraic curve is never negative. 

Suppose that two algebraic curves are birationally related. 
The same is true of two curves with only ordinary singular 
points to which they may be transformed. This gives 

Riemann’s Theorem 8] The genus of a curve is unaltered by 
a birational transformation. 

It follows immediately that all our work on correspondences 
holds for curves with any sort of singular points. ; 


Theorem 9] The number of coincidences properly counted of - 


a (v, v’) correspondence of value y on a curve of genus p is given 
by the Chasles-Cayley-Brill formula 
vty! +2py. (4) 

We shall see later how to count coincidences at singular 
points. We find exactly as in Book I, Ch. VIII: 

Theorem 10] Given a g, and certain points A,, Ay, Ag,..., A 
such that oo"! adjoints cutting groups of the series meet the base 
curve v;;-+-j tomes at A,, then the number of places other than the 
A,’s where a group has r+-1 coincident points is 


(r+1)[N+r(p—1)]— 2 Mir (5) 


It must be understood that if A; acts in this way for several 
branches, it must be counted just so many times. Exceptionally 
some of these other coincidences might fall on the A’s. 

Weber’s Theorem 11] If two curves of the same genus which 
as greater than | be in rational correspondence, that correspondence 
is birational. 

Theorem 12] If a curve of genus greater than 1 be rationally 
transformed into itself, the transformation is birational. 

Liiroth’s Theorem 13] Jf x and y be rational functions of a 
parameter, neither a constant, the curve so defined has genus 0, and 
«and y may be expressed rationally in terms of a parameter which 
is rational in them. 

Zeuthen’s Theorem 14] Jf there be a (v, v’) correspondence 
between two curves of genus p and p' respectively, and if the nwmber 
of branch points properly counted be B and iB. 


B+ 2v'(p—1) = f’+2v(p’—1). (6) 
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With regard to counting the branch points, the reader is 


referred back to the remarks on this subject at the very end 
of Ch. VIII of Book I. 


§ 4. Pliicker’s equations 

It is evident that when it comes to a study of the Pliicker 
characteristics of a curve, there must be an extension of the 
definitions previously given. The order is the number of inter- 
sections with a general straight line, or the maximum number 
(assuming the curve is not reducible, with a multiple factor); 
the class is the number of tangents from a general point, or the 
order of a polar reciprocal curve. The genus we have just 
defined. 

Definition. The difference between the order of a distinct 
point and the number of different branches there is called its 
‘cuspidal component’. It will be noted that this is 0 for a non- 
singular point or an ordinary singularity, but is equal to unity 
in the case of a cusp. The sum of the cuspidal components of 
all distinct points of a curve is called its ‘cuspidal index’. We 
shall indicate this by the symbol x. In the same way the dif- 
ference between the order of a tangent and the number of 
branches which touch it is called the ‘inflexional’ component. 
The sum of the inflexional components of all distinct tangents 
is called the inflexional index and marked t. 

To find the class of a curve, let us assume that this is the 
number of vertical tangents m. Vertical lines will determine on 
our curve an n»—1 to n—1 correspondence of value 1, which will 
have 2n-+2(p—1) coincidences, for such will be the case on a 
curve with only ordinary singularities, birationally equivalent 
to the given curve. m of these will be simple coincidences 
arising from the vertical tangents, none of which we assume 
singular. The others come from the singular points. Let such 
a point be the origin with a branch of order 79. In this vicinity 
we may represent the branch by 


x = tPo Y = AplPo--a,tP1-L.... 
The number of coincidences will be the same as if we limit 


ourselves to a finite number of terms of these series, i.e. consider 
the rational curve given by these terms, whose points are in 
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one-to-one correspondence with the values of ¢. When z is given, 
the corresponding values of ¢ are t, 6#, 6*t,..., where gee— 1. As 
6*t—t is of the same order of infinitesimal magnitude as #, by 
Zeuthen’s rule of Book I, Ch. VIII, theorem 16], the number 
of coincidences is pp—1. Extending this to all the branches at 
that point, we get its cuspidal component, and extending to all 
points, we get the cuspidal index x. Thus 


mictid = In 2(p—=4) (7) 
nix 2m-+2(p—1) (8) 
t—K = 3(m—n) (9) 


2p = (n—1)(n—2)—}, pilpi—1)— > Pij(Pigz—1)— 


=a Pigk(Pijgn—1)—-+ (10) 


= (m—1)(m—2)— ¥ o,(o,—1)— F o4;(04—1)— 
— D %plOj4—1)—..- (11) 
m = n(n—1)— > p;(osx—1)— 2 pesleegp—D— 
— > pigelPizx—1)—-.—« (12) 
n= m(m—1)— >) o,(o,—1)— 2, o4,(04—1)— 
— > o4j4(043,—1)—...—t (13) 
These last equations suggest another method for finding m. Let 
O, be a singular point, O, a point in general position. How often 
does the first polar of the latter point meet the curve at O, ? 
This will give the deduction from the class caused by O;. We 
previously found the equation 


1 


ee ’ 
xd +a Saf’ . (1) 

By theorem 8] of the present chapter, the number we seek 
is po(P9—1) plus the number of intersections of f’ and ¢’ at non- 


singular points of x,=0 or of f’ ana at such points. This 
2 


again will be the number of intersections with the first polar of 
an arbitrary point at these points, plus the multiplicity of x, = 0 
as a tangent from O,, and this is the difference between the 
order of O, and the sum of the orders of the non-fundamental 
points on x3; = 0, the difference between the order of O, and the 
sums of the orders of the infinitely near points. Keeping on in 


this way, the sums of the orders of the intermediate branch . 
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points cancel out, until we get down to a case where all branches 
are linear, in which case each branch will have contributed an 
amount one less than its order. Applying this to all branches, 
we get (12). 

We get further light on all these questions by using non- 
homogeneous coordinates. Assuming the point to be the origin, 
and no tangent vertical, the reduction in class caused by that 
point is the number of intersections of 

f=0 ee Cae 
oy 
and that consists in finding the discriminant of f considered as 
an equation in y. Now we learned in Book I, Ch. I, that this 
discriminant is 
™(Yi—Ys)*- 


Here two of the y’s will sometimes belong to the same branch, 
sometimes to different branches; in any case the number of 
intersections may be obtained by the methods at the end of 
Ch. II of the present book. 

Theorem 15] The number of intersections which a curve has at 
a singular point with a general first polar is twice the sum of the 
orders of the infinitesimal distances from one another of the inter- 
sections with an infinitely near line whose distance from the point 
is considered an infinitesimal of the first order. 


BOOK Tid 
SYSTEMS OF POINTS ON A CURVE 


CHAPTER I 
GENERAL THEORY OF LINEAR SERIES 


§ 1. Linear systems of curves, and linear series 

In the second section of Ch. VIII, Book I, we touched upon 
certain properties of linear series of point groups on a fixed base 
curve. We restricted ourselves at that time to a base curve 


with only ordinary singular points, and only gave such few _- 


theorems as were necessary to establish the idea of the positive 
value of a correspondence on a curve. It is time to cast aside 
the restriction and to take up the whole subject of linear series 
of point groups in great detail, for it has proved astonishingly 
fruitful in the modern development of the theory of algebraic 
curves, and the relations of that theory to the theory of alge- 
braic functions. Theorems already proved in Ch. VIII, Book I, 
need only be stated here, not proved. 

The variable groups of non-singular points which the curves 
of a linear series cut on a fixed base curve, which we assume 
irreducible, is called a ‘linear series’ of groups. It may be that 
all the groups of such a series contain certain fixed non-singular 
points. We are at liberty to count these as part of each group or 
not as we please. 

Theorem 1] If a base curve be rationally transformed, a linear 
series will go into a linear series. 

The number of points in each group of the series is called its 

‘order’, the number of independent parameters on which it 
ends its ‘dimension’. A series of order N and dimension r is 
called a g’,. 

Theorem 2] The dimension of a series can never exceed its 
order, and can only equal it in the case of a curve of genus 0. 

We see, in fact, that if a curve contain a gN, by fixing N—1 
points there will be left a g}, that is to say, a pencil of curves 
+22 = 0 with only one variable intersection. The coordinates 
of this intersection will depend rationally on the parameter z 
which, in turn, depends rationally on them. Hence the curve 
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can be birationally transformed into a straight line, which is of 
genus 0. 

We find, exactly as in the previous chapter, 

Linear Group Theorem 3] Any linear system of point groups 
may be cut by a system of adjoint curves. 

It is evident that the series could not have more degrees of 
freedom than the system of secant curves; if it have less, that 
is because different curves of the linear system can cut the same 
group. But if two curves, and so a pencil of curves, cut the 
same group, no curve of the pencil will have a variable inter- 
section with the base curve, and a curve of the pencil through 
an assigned point of the base curve, which we suppose irre- 
ducible, must contain it entirely. 

Theorem 4] The dimension of a linear series cut on an irre- 
ducible base curve is the dimension of the linear system of secant 
curves, less the dimension of the complete sub-system, all of whose 
curves contain the given curve as a factor. 

Definition. A linear series is said to be ‘complete’ if it be not 
contained in another of the same order and higher dimension. 
We get just as before: 

Theorem 5] If a group of povnts be residual to one group of 
a complete series, it is residual to all the groups. 

Theorem 6] The totality of adjoints of a given order on which 
no restriction 1s placed except that they pass through a certain 
number, perhaps 0, of fixed non-singular points on the base curve, 
will cut a complete series, and every complete series can be cut in 
this way. 

Theorem 7] A linear series is contained in but one complete series. 

Let us look for the dimension of the series cut by the totality 
of adjoints of a given order, let us say v = n—3-+-«.* 

(v+1)(v+2) 7r,(r;—1) 1 i(%3—1) 
ee 
(v—n+1)v—n+ 2) 


2 . 


The equality will hold if the adjunction conditions be inde- 
pendent, otherwise the inequality. The right-hand side gives 
* The work from here to the end of the chapter follows closely the admirable 


article Bertini?. See also Segret. The beginning of all such treatment is the 
classical discussion of Brill and Nother, q.v. 


on ae 
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the number of linearly independent curves of order v less the 
ostensible number of adjunction conditions, and also less the 
ostensible number of linearly independent curves of order v—n; 
for each of these, with the given curve, will form an adjoint of 
the system. We rewrite this, replacing v by its value n—a+3, 


(n—2-+a)(n—1-+a) r(r;—1) rig(tigy—1) 
fat 4 2 a ae ae 


_(a=1(a—2) 
2 


In order that v should be at least as great as n, it is necessary 


and sufficient that «>3. But the last fraction vanishes for — : 


«= landa= 2. Hence this formula holds for all positive values 
of «. We may write it in the better form 


r > (p—2)+na. 
On the other hand, if we seek N, the order of the series, we have 


N=vn—)D 7(r,—Y)— > ry (ry—1) — ... 


= na-+2(p—1). 
Hence, finally, if the system of secant adjoints have an order 
n—3+a, «> 0, N-—r<p. (1) 


The equality holds when the adjunction conditions are inde- 
pendent, otherwise the inequality. If «= 0, we have 


rt1l> Boe => SS tyGor hes 


2 2 
r+1>p 
N= n(n—3)— > r,(7;—1)— > ry (r7y—-V)— «.- 
= 2(p—1) 
N—r<p—l. (2) 


The equality will hold if the adjunction conditions be inde- 
pendent, otherwise the inequality. 

Definition. An adjoint of order n—3 or less is said to be 
‘special’. A series cut by special adjoints is called a ‘special’ 
series. The series cut by the totality of all special adjoints is 
called the ‘canonical’ series. 

Suppose that a series is special and complete. Take a point 
P which does not belong to all of its groups and adjoin it to 
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each group. Let the complete series be cut by the totality of 
special adjoints through a group (perhaps empty) G, and let 
an arbitrary line through P meet the base curve again in 
Q1, Qo... Q,-1- There is certainly one adjoint of order n—2 
through the group G and the point P, the totality of adjoints 
of that order through those points will cut a complete series. 
But as such adjoints contain n—1 collinear points, they consist 
in the line through those points and a special adjoint, and the 
complete series they cut will consist in the original series, 
residual to G', and the fixed point P. 

Reduction Theorem 8] If a fixed point be added to each group 
of a special complete series, the resulting series 1s complete. 

Suppose, now, that we know about a certain gi, that 


N—r<p—l. 


We may suppose the series complete, for the inequality will be 
strengthened when we pass from an incomplete series to a com- 
plete one. If r= 0 the series is certainly special, for we have 
seen that the dimension of the canonical series is certainly as 
great as p—l, so that we can always pass a special adjoint 
through p—1 points. Suppose that we have proved that for 
every series of dimension less than r, if the order less the dimen- 
sion be not above p—l, the series is special. Consider the 
adjoints which cut our series and which pass through an 
arbitrary point, not common to all of them. They will cut a 
gx1, which must be special, since (V—1)—(r—1)<p—1 by 
hypothesis. It is also complete as it is cut by the totality of 
adjoints through certain fixed points but otherwise not re- 
stricted. The special adjoints which cut it must all pass through 
the arbitrary fixed point, for if they did not, we should get 
a complete g%;1 by adding the point to the gi",, whereas there 
is a complete gi. Since this point is arbitrary, any group in the 
original series can be cut by a special adjoint. 

Special Series Theorem 9] If the difference between the order 
and the dimension of a series be less than the genus of the curve, 
the series is special. 

Theorem 10] Jf a complete series be not special, the difference 
between the order and the dimension is equal to the genus of the 


curve N—r=p. (3) 
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4 


If we read again the lines which follow (2) we see that this _ 


means that the adjunction conditions are independent for an 
adjoint of order greater than n—3. Consider next the canonical 
system of adjoints, or the ‘pure’ adjoint system, as it is some- 
times called. If we add a fixed point to all its groups, we get 
a series of order 2p—1, which is complete by the reduction 
theorem 8]. If the adjunction conditions were not independent, 
i.e. if the dimension of the canonical series were above p—l, 
then this new series would be special by 9], or all the special 
adjoint curves would pass through any chosen point, which is 
absurd. 


Adjunction Theorem 11] The adjunction conditions are inde- .° 


pendent for an adjoint of order greater than or equal to n—3. 

It is to be noted that this theorem may not be true for 
adjoints of lower orders. Consider a curve of the seventh order 
with nine double points. We may place these where we choose. 
In general there will be one adjoint of order n—4 = 3 through 
these nine double points. Suppose, however, they are the inter- 
sections of 2 cubics, that is to say, the centres of a pencil of 
cubics. There will be nine linearly independent curves of order 
seven with these as double points, and only a four-parameter 
sub-system will consist in a pair of cubics and a straight line. 
Hence there are plenty of our curves of the seventh degree 
which are not reducible. Moreover, by Bertini’s theorem 10] of 
Book I, Ch. VII, the general curve will not have any other 
singular points. Hence, if we take one such irreducible curve 
it will have an infinite number of adjoints of order n—4, instead 
of a single one. 

Theorem 12] The order of the canonical series is 2p—2, and 
its dimension p—1. It is the only series of that order and 
dimension. 

We see, in fact, that every such series must be special by 9], 
and complete, for it has all the freedom of the most general 
special series. 

Theorem 13] An irreducible curve of genus p has exactly p 
linearly independent and special adjoints. 

This theorem is of absolutely first importance in the theory 
of the integrals of algebraic functions. 

Could the canonical series have a fixed point Q? If it could, 
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the residual series would be a complete special g?>1,. If we add 
an arbitrary point P, we have a complete special g?>1, by 8] 
and 9], and that would mean that all special adjoints went 
through this arbitrary point. 

Theorem 14] The canonical series has no fixed points. 

There are cases where the special adjoints have fixed points 
not on the base curve. If the latter be of genus 2, the special 
adjoints form a pencil, and when > 5 this will have centres 
other than the singular points of the base curve. 

Theorem 15] The order and dimension of a series are invariant 
for bwrational transformation. 

Theorem 16] The canonical series is birationally transformed 
into the canonical series of the transformed curve. 

Theorem 17] A special series 1s birationally transformed into 
a complete series. 


§ 2. Sums and differences of series 

Suppose that we have a complete series of order N+ N’ and 
dimension s, g§,,., Which contains a group Gof N points. This 
will be a group of some complete series, let us say a gh, which 
consists in groups cut by all adjoints of a certain order through 
a group G. The g%,,- shall be cut by all adjoints of a certain 
order through a group I’. The adjoints of this latter system, 
which contain G, will cut a complete gi, whose groups are 
co-residual to G and so residual to all groups of the gi. The 
complete series will contain every group of gy and every 
group of g%, and so be their sum, as defined in Ch. VIII of 
Book I. 

Theorem 18] Jf a complete series contain in one of tts groups 
a group of a series of lower or equal order, 1t contains the complete 
series containing this group. 

We shall say in this case that the complete series of larger 
order ‘contains’ that of lesser order, and the latter is ‘contained’ 
in the former. The complete series whose order is the difference 
of their orders, and which contains groups obtained by taking 
groups of one series from the corresponding groups of the other, 
is also included in the series of larger order, and is defined as the 
‘difference’ of the two series. Each of the series of lower order 
is said to be ‘residual’ to the other in the series of larger order. 


Pe ie A ce = 2 
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Suppose that we have two series of the same order gf, gf 
which have a common g% (which, by 18], is complete) where 
o >0. Let the general adjoint cutting gj be 
Ao PotrAr bite trs Pot Acs Porat + tr by = 0, 


and that cutting gi, be 
Ho both Pit the bot Hoss Porat br! py = 0. 


Then the curves 


Vo bors dite +Yy botVots Porat t¥r Petr Peat et 
FU py by =0 


will cut a series that includes each of the given series, nor could — 


any series of lower dimension include them both: 

Theorem 19] Jf two series be of the same order and have a 
common series of dimension 0 at least, then the dimension of the 
smallest series of that order that includes them both is the sum of 
their dimensions, less the dimension of the largest series of that 
order they have in common. 

More generally, let us suppose that we have a g\ and a gh, 
which include a common g? but no series of that order and 
higher dimension. We may assume g? complete, by 18], and 
assume the various series cut by the totality of adjoints of given 
orders through groups G, G’, and I respectively. Let a group 
of g%, consist in the two groups G and 7, where 7 is a group of 
g?, while one group of g%, consists of G’ and 7’, which latter is 
also a group of g?. G+@ and I are both residual to 7, and, 
hence, to every group of g?. The same is true of G’+G’ and TI. 
Hence G+G and G’+G’ are co-residual. The series G+-9%, is of 
order N-+-N’—v and dimension 7’, G’+g%, is of the same order 
and dimension r. They include the series G+-G’+-ge of dimen- 
sion p, but no other of that order and higher dimension, as such 
a series would include g?, which is complete. Hence they are 
included in a git", 

Theorem 20] Jf a gi, and a gx, share a complete 9°, p > 1 they 
are included in a IN Wey 

Let us remark in conclusion, that as we can add two series, 
so we can find any positive integral multiple of a series, this 
being the complete series that includes groups of the given 
series to the number indicated by the multiple. 
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§ 3. Representation in hyperspace* 
Suppose that a g%, is cut by the linear system of adjoints: 


Up Poy Pit... +U, b, = 0. (4) 


Let us write 
pXq= do pX1 = bys-.5 pX, = $,. (5) 
We have a point in a space of r dimensions, since the ¢’s are 
linearly independent, corresponding to each point of our given 
curve, and these points trace a curve. The order of this curve 
will bethe number of intersections with a general hyperplane (w). 
It is not clear, however, whether, conversely, each point of 
the curve in hyperspace will correspond to a single point of the 
base curve. How could two different points of the base curve 
correspond to a single point of the curve in hyperspace ? We 
must have 


Pole’) =Ado(w") Py (w) =APy(H"),..5 Py, (") = AS,("). 
If, then, > u.d,(x’) = 0, 
we have also », U(x") = 0, 


so that every group which includes (x’) will also include (x”). 
Conversely, if two points have this property, they will corre- 
spond to the same point in hyperspace. 

Definition. A linear series, all of whose points are variable, 
is said to be ‘simple’ if all groups through a generic point do 
not necessarily include any other point. If every group through 
a generic point contain »—1 other points but no more, variable 
with the first, the series is said to be composed of an ‘involution 
of grade pw.’ Any algebraic system of variable point groups on 
a base curve which has the property that a generic point deter- 
mines 4—1 others variable with the first shall be called an 
involution. A linear series which is composed of an involution 
shall be called ‘composite’. If the series be simple, the order of 
the space curve will be NV, for the number of intersections with 
a hyperplane (w) is the number of variable points cut by the 
adjoint (w) in (4). 

Theorem 21] Jf a curve contain a simple series of order N and 
dimension r, it may be so birationally transformed into a curve of 


* The most complete treatment of this topic is Segre*. 
3781 s 
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order N in a space of r dimensions that groups of the serves corre- 
spond to hyperplane sections of the curve. If it contain a series 
of dimension r and order N composed of an involution of grade p, 
there is a p-to-one correspondence between the plane curve and a 
curve of order 4 in a space of r dimensions, the groups of the 
given series corresponding to the hyperplane sections of the space 
curve. 

Suppose that we are in a space of three dimensions, and on 
a given curve we choose such a point that a line through it 


meeting the curve once will not necessarily meet the curve 


twice. There must be such points, for there is a three-parameter 
system of lines meeting the curve once, and only a two-para- 
meter meeting it twice. This point will be the vertex of a cone 
whence the curve is projected simply on a plane. 

More generally, take a curve in a space of r dimensions. It 
is not possible that every space of r—2 dimensions that meets 
the curve once should meet it twice. We see, in fact, that the 
number of parameters giving the spaces of r—2 dimensions 
through a point of the space of r dimensions is the number of 
sets of r—2 linearly independent straight lines through the 
point, less the number through the point in a space of r—2 
dimensions, and is 2(r—2). The number of parameters giving 
the spaces of r—2 dimensions through a line in r dimensions 
will similarly be 2(r—3). The lines through a point of a curve 
which meet it again form a one-parameter system. The spaces 
of y—2 dimensions through a point on the curve which meet it 
again depend on 2r—5 parameters, which is less than the para- 
meter number of the system of all spaces of r—2 dimensions 
through that point. Hence we may find plenty of spaces of r—2 
dimensions which meet the curve once, but no more. 

Let P be a point of the curve; V;, V3,..., V,_» independent points 
of a space of r—2 dimensions through P which does not meet 
the curve again. Then a general space of r—2 dimensions 
through the space of r—3 dimensions determined by V,, V,,..., V,_» 
which meets the curve once, will not, automatically, meet it 
again; so that the curve may be simply projected from the space 
of r—3 dimensions upon an arbitrary plane, for in r dimensions, 
a plane and a space of r—2 dimensions meet once. This same 


thing can be done even when some of the points V; lie on the ~ 
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given curve. A space curve may be simply projected into a 
plane curve in one-to-one correspondence with it. If the space 
of r—3 dimensions be given by 


and the plane on which we project be that where only the 
coordinates X ,X,,X, do not vanish, the relation between plane 
and space curve may be written 
Pigg. 212s) 
=o Ae Age hee et aa 
Xo 0 fo Ay 2 2 Xo; O(a; 4,2) 
F(%o, 1,2) = 0, (6) 
where the polynomials P, are all of the same degree, which is 
one greater than that of Q,. 

More generally, we may project a curve from any space into 
another of any number of dimensions greater than one, and the 
relation is birational. 

Definition. A space curve is said to be ‘normal’ if it cannot 
be obtained by projection from a curve of the same order but 
contained only in a space of more dimensions;* a conic is an 
example of such a curve, for every curve of the second order 
lies completely in a plane through three of its points. So is 
a cubic in three-space. So is a non-singular quartic in three- 
space which is the total intersection of two quadrics. We see, 
in fact, that this curve would be projected from one of its own 
points upon a plane, and the resulting curve would be a cubic 
curve with no singular point, which has genus 1. But a curve 
of the fourth order which lay in a space of order four and no 
less would be projected by planes through two of its points into 
a conic, which has genus 0. 

Suppose that we have in our space of r dimensions S,, a curve 
which has the property that the linear series cut by the hyper- 
planes is not complete, but contained in a series of higher 
dimension cut by some other surfaces. This series is certainly 
contained in a g*}1, which may or may not be complete. Let 
O be a point outside our space of r dimensions S,, say the point 
(0,0, 0,...,1). Let the g%/+ be cut by the system of surfaces 


Uo dot dit vee Up ty Pr+t == 0, 


* Cf. Severi-Loffler, p. 93. 
s2 
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so that by taking w,,,—0 we get groups cut by hyperplanes, 
then the groups cut by 


Up bot Uy Prt + +Uy Pp = 0 
will be the same as those cut by the hyperplanes 
XotyyXi+.. it, A> = 0, 
or, by a simple Behe of variable, the same series are cut — 
Uy Pot+Uy b1+...+U, >, = 0 
UpXo+UyX1+...+uU,X, = 0. 
For a point on the given curve, where ¢,;= ¢;(%,%2,%3), 
f(%1, 2, %3) = = 0, fp; =AX;. 
u u 


If we allow the subscript 7 to take also the value r+-1, we 
have a curve in the space of r-+-1 dimensions whose projection 
from O is the given curve. Conversely, if a curve in S, be not 
normal but the projection of a curve in a space of higher dimen- 
sions, the linear series cut by hyperplanes of the curve in higher 
space will be projected into a series which will contain as a sub- 
series that cut by the hyperplanes of the lower space. 

Theorem 22] The necessary and sufficient condition that a curve 
in a space of any number of dimensions be normal is that the series 
cut by hyperplanes be complete. 

Theorem 23] The necessary and sufficient condition that the 
space curve obtained from a plane curve as in Theorem 21] should 
be normal is that the series in question should be complete. 


§ 4. The Riemann-Roch theorem 

Suppose that we have a group G of N points which belongs to 
a complete gi, and that the special adjoints through it cut the 
base curve in a special and complete g%,. If this series exist at 
all, i.e. if r’ > 0, then the original series is special. We may find 
such a group of 7’ points that they, with G, determine just one 
special adjoint. If we add a fixed point P to every group of 
gy, the resulting series, by our reduction theorem 8], is special 
and complete; the same will hold if we add a second point, and 
so on till we have added an r’th. But if we add one more point, 
the new complete series will be non-special, and 


N+?r’+1—r=p, 
Ne reap ae +1). 
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Definition. The index of specialization of a group is defined 
as the number of linearly independent special adjoints through 
that group. In the present case the index of specialization of 
the group G' is t=r+1. 

Theorem 24] All groups of a linear series have the same index 
of specialization. 

Riemann-Roch Theorem 25] The dimension of a complete 
series is equal to the sum of the order and index of specialization 
of any group, less the genus of the base curve 

we (7) 
N—r=p—t. (8) 

This theorem is of such fundamental importance, both in the 
theory of plane curves and that of algebraic functions, that it 
is worth while to bring it into another form. Suppose that the 
equation of the base curve is 

i (x ? y) = 0, 
and that we have a rational function of x and y, i.e. a rational 
function of f on the corresponding Riemann surface, 
pot 9) 
Q(x, y) 
Introducing homogeneous coordinates, we may assume P and 
Q of the same order. The pencil of curves which we may assume 


pipinis P(2, Xp, %3)—FQ(Xy, Lg, Xz) = 0 
will cut a gi, on the base curve. Conversely, every gy will give 
rise to a rational function. The correspondence is not one to one 
as the transformation oe Magid: 
yo +6 

will not give a new function, but merely permute the terms of the 
series. The set of rational functions so found is called a ‘body’. 
Since the only one-to-one analytic transformation of a straight 
line into itself is a projective one, and since the groups of a gy 
correspond to the points of a line, there is no other system of 
rational functions corresponding to the gi. 

Theorem 26] There is a one-to-one correspondence between the 
one-dimensional linear series on a curve and the bodies of rational 
functions on the corresponding Riemann surface. 


> | er 
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It is worth noting in passing that we may choose the multi- 
pliers in such a way that the zeros of the function and its poles 
will constitute two groups of the series, provided that contains 
no fixed points. 

Theorem 27] If the groups of a gk, have no fixed points, two 
such may be taken as zeros and poles of a rational function on the 
corresponding Riemann surface. 

It is to be noted that a fixed point may be counted, in special 
cases, as the limit of a variable point. We get around the diffi- 
culty by saying that there is a variable point ‘next’ to the fixed | 
point, an absurd but useful form of words. 

Suppose, now, that we have a group of N points. Let us seek 
the most general rational function that will have poles of the 
first order at some or all of these points, but which is finite 
everywhere else. 


Let 7 be a rational function with these poles which is finite 


at every other point of the Riemann surface. Then P is an 
adjoint of the same order as Q, which meets the base curve at 
the remaining intersections of Q, and is not subjected to any 
other restrictions, i.e. it is one of the set of adjoints cutting the 
complete series to which the group belongs, and so depends on 


r parameters. If i be a second rational function with the same 


poles, we shall have, by Néther’s fundamental theorem applied 
to f and Q’, P'Q=0/-+.P0'. 


and P is an adjoint of the order of Q’, through the remaining 
intersections of f and Q’. On the Riemann surface f= 0 and 
a = i , where P is an adjoint of the general system for P just 
given. 

Riemann-Roch Theorem 28] The most general rational func- 
tion on a Riemann surface which has poles of the first order at 
some or all the points of a given group, but which is everywhere 
else finite, depends on a number of parameters equal to the sum 
of the order of the group and the genus of the curve, less the index 
of specialization.* 

* Cf. Roch, p. 372. 
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Suppose that a special adjoint meets the curve in N-+N’ 


= 2p—2 points. Let r and r’ be the dimensions of the corre- 
sponding complete series. Then by (8) 


r=r+l=p+r—N 
N-+N’ 
2 
N—2r = N’—2r’. (9) 

Brill and Néther Theorem 29] Jf the total group of the canoni- 
cal series be divided into two parts, the difference between the 
number of points in each part and the double of the dimension of 
the complete series to which it belongs is the same.* 

It is not at all clear whether the numbers which appear on 
the two sides of (9) be positive or negative. If a special adjoint 
go through N’ points, it has 

t—l=r'+p'—N’—1 


r =r—N+ 


degrees of freedom. 

The JN other points will determine it completely, so that they 
impose that number of conditions thereon. This number cannot 
be greater than the number they impose on an unrestricted 
special adjoint which, by the Riemann-Roch theorem, is N—r: 


N—r>r'+p’—N’—1 


N+N’ 

2 

N—2r > 3[(N—2r)—(N’—2r’)] = 0. 

Clifford’s Theorem 30] The dimension of a special series can 
never exceed one-half its order.t 

We shall be able later to sharpen this theorem somewhat. 
We saw in the Reduction Theorem 8] that if a series be special 
and complete, and if a point not common to all the cutting 
adjoints be added to each group, the resulting series is com- 
plete. We find a converse in the following way. Suppose that 
when we add a fixed point to each group of a gy, the result is 
a complete series. The original series is obviously complete; 
moreover, it is special since 


N+1—r<p N—-r<p-l, 
* Cf, Brill and Nother, p. 28. + Cf. Clifford’, p. 331, 


N—2r >r'—r—N'+ 
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Lastly, the fixed point could not be common to all the 
adjoints which cut the series. For if we apply the Brill and 
Nother theorem to the g', and the g%,,,, we see that this point 
must apply an independent condition on a special adjoint, 
through the remaining points residual to the gi, and the g*,,, 
would be included in a gi}, where this point becomes variable, 
contra hypothesem. 

Theorem 31] If a series all of whose groups contain a fixed 
point be complete, the series obtained by omitting this point is 


special and complete, and the special adjoints which cut it do not 


all pass through this point. 

If a gy be special and complete, and if the series obtained by 
adding a point P to all its groups be incomplete, this point 
must be common to all special adjoints which cut its groups. 
We must have a gi}, which is special. Residual to the g%, in 
the canonical series is a complete gi, and residual to the git}, 
is a complete gx,_,. If we add the point P to the groups of the 
latter, we get our g’\. 

Theorem 32] Jf a gy and a g%, be complete special series, 
residual to one another, the necessary and sufficient condition that 
the series obtained by adding a point to the one be incomplete, is 
that that point be fixed for the other. 


§ 5. Simple series and composite series 
Suppose that we have a composite Gj», Which is complete and 


not special, Heat a ao de 


2v—rsp 
pv < 2p. 

If N > 2p, the series is surely not special. 

Theorem 33] If the order of a complete series be greater than 
twice the genus of the curve, the series is certainly simple. 

Suppose that we have a composite gj: 

2r = pv y 22 Hee oe 

These are only reconcilable when we have equality, not in- 
quality. If 2r = 2p, we have a g¥,, otherwise the series is special. 

Theorem 34] If the order of a composite series be twice its 
dimension, it is made up of an involution of grade 2, and is either 
a gf, or is special, 


, 
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Theorem 35] If the canonical series be composite, every special 
adjoint through an arbitrary point will pass through a second point 
variable with it. ; 

Definition. A curve of genus 1 is defined as ‘elliptic’. 

A cubic curve is an example of such a curve, and it contains 
a g} cut by lines through a fixed point. If a curve have genus 
greater than 1, and if the canonical series be composite, a special 
adjoint through an arbitrary point passes through a second 
variable with the first. The special adjoints through p—2 fixed 
points will cut a g}. Conversely, if the genus of a curve be 
greater than 1, and if the curve have a g}, this series is a special 
one for 2—1 <p. The (p—1)th multiple of this series is special, 
and has at least the dimension p—1, hence it is the canonical 
series, and the latter will consist in sets of p—1 pairs of the 9}, 
i.e. every special adjoint through an arbitrary point goes 
through its mate in the g}. The canonical series is composite. 

Theorem 36] If the canonical series of a curve be composite, 
the curve contains a g}, and if a curve of genus greater than 1 con- 
tain a gi, the canonical series is composed of pairs of that series. 

Definition. A curve fulfilling the requirements of theorem 36] 
is defined as ‘hyperelliptic’. If a hyperelliptic curve had two 
different g}’s, each would produce a one-to-one correspondence 
of value 1 on the curve. The product of the two would be a 
one-to-one correspondence of value —1 by theorem 12] of Book T, 
Ch. VIII, and the number of coincidences would be 2(1—p) <0 
by the Chasles-Cayley-Brill formula, theorem 14] of the same 
chapter; and this is absurd. 


Theorem 37] A hyperelliptic curve has only one 9}. 


e 
Let p be an odd number. Construct a curve of order n = alas 


with a singular point of order n—3 and no other singularity. 
This is easily done. The special adjoints are curves of order 
n—3 with a common singularity of order n—4 and so rational 
curves. These curves cut one of their number in a series whose 
order and dimension are 2n—7. If all the curves through a 
certain point on the curve of order n had to pass through 
another point abstracting from these two we should get on one of 
these curves, a g2”—8 series whose dimension exceeded its order; 
an absurdity. Hence this curve is not hyperelliptic. When p is 


_ 
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even we take a curve of order n with a point of order n—3 and 
a double point, and proceed as before. 

Theorem 38] There exist curves of every genus which are not 
hyperelliptic. 

Suppose that a series g, is not composite. Is it possible that 
every group through s <r points in general position should con- 
tain necessarily other points ?. We assume that s is the smallest 
number for which this is the case, and transform as in theorem 
21] to a curve of order N in a space of r dimensions. Then, by 
hypothesis, every hyperplane through s points will pass through 
certain other points. The hyperplanes through s— 2 fixed points 
will depend on r—s-+-3 of their number, and will not necessarily 
pass through other points, and hyperplanes through an addi- 
tional fixed point do not necessarily pass through any other 
point, but those through two more are supposed to pass through 
o+2. Since r > s, we may find four linearly independent hyper- 
planes through the s—2 points, or, what amounts to the same 
thing, four linearly independent adjoints of our original system, 
and make the transformation 


pXo = bo pX,= 4, pXo= $y pX3= 5. 

This will carry our original curve into a curve in three- 
dimensional space which has the property that a plane through 
an arbitrary point will not, necessarily, meet it in any other 
chosen point; but one through two points does meet it in other 
variable points. This again amounts to saying that we have 
a curve in three-space with the property that a line which meets 
it twice will meet it more than twice. Let us show that this is 
impossible for a curve which is not plane, a case ruled out here 
by the linear independence of four groups. Suppose, in fact, 
that a space curve had the assumed property. Let A and B be 
any two points. Let the line AB meet the curve again in C. 
Then every line through C meeting the curve once elsewhere 
will meet it twice elsewhere, and the curve will be doubly pro- 
jected from C. The tangents at A and B are in the tangent 
plane to this cone, and so coplanar. If we have a set of lines 
of which each two are coplanar, then either all lie in a plane, 
or all pass through a point. If all the tangents to our curve lay 


in a plane, it would be a plane curve contrary to hypothesis. ~ 


4 
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If all the tangents went through a point, say the origin, the 
curve would satisfy the differential equation 


and so be a set of lines through the origin, which is equally 
inadmissible. It appears, then, there is no such curve. 

Theorem 39] Jf a series be not composite, it is not possible that 
all groups containing a number of general points, less than the 
dimension, should necessarily contain other variable points. 

Theorem 40] If a curve be not hyperelliptic, the special adjoints 
through a certain number, less than p—1, of general points will 
not necessarily contain other points of the curve. 

Theorem 41] If a curve be not hyperelliptic, the special adjoints 
through s points in general position will cut a complete 98,851, 
with no fixed points. 

Applying this to p—3 points, we get a g?,,,. 

Theorem 42] A non-hyperelliptic curve of genus p may be 
birationally transformed into a curve of order p+1. 

Suppose that we have a simple g%,. 7 points in general position 
will determine one group. Suppose that it were possible to find 
in each group s points of such a nature that all groups con- 
taining them would contain certain other variable points. Such 
a group of points will belong to oo’-* groups of the series, so 
that the number of these groups would be co"--*) = oo, which 
amounts to saying the points are arbitrary, contrary to 39]. 

Theorem 43] If a series be simple, it is not possible that each 
group should contain a number of points, less than the dimension, 
such that all groups through them will necessarily pass through 
other points variable with them. 

Suppose that we have a special complete g,. Pick out any 
set of N —r points in a generic group. Suppose that they present 
N—r—l conditions to a special adjoint. By the Riemann-Roch 
theorem, the dimension of the complete series to which they 
belong is 7. Adding the r points remaining, we get, by the 
Reduction Theorem 8], a complete gi, contained in a complete 
gy, which is absurd unless 1/=7, and this particular set of r 
points belongs to every group of the gy. Our original series 
would then have r fixed points. 


ha?" ve "ee eee oe 
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Theorem 44] If a gt, be special and complete with no set of 
r fixed points, every set of N—r or less points of a generic group 
will present independent conditions to a special adjoint. 

Since a group of N points of a special series presents N—r 
conditions to a special adjoint, if we represent the curve by one 
of order 2p—2 in a space of p—1 dimensions, p-++-r—VWN linearly 
independent hyperplanes will pass through the corresponding 
group of points, which must therefore lie in a space of N—r—1 
dimensions. This curve of order 2p—2 in a space of p—1 dimen- 
sions, which we shall have frequent occasion to mention, is called 
the ‘canonical curve’. ae 

Theorem 45] The groups of a complete special gx, on a non- 
hyperelliptic curve will be represented on the canonical curve by 
groups in spaces of N—r—1 dimensions. 

We saw in Clifford’s theorem 30] that for a special series 
N > 2r; suppose that N = 2r. On the canonical curve we have 
a group of points in a space of r—1 dimensions. Such a space 
will be determined by r points and meet the curve again in r more 
points, which is ruled out by the reasoning that led up to 39]. 

Theorem 46] For a special complete series other than the 
canonical series, N > 2r. 

We get at once from 22] 

Theorem 47] The canonical curve is normal. 

If the canonical curve had a singular point, this would impose 
a single condition on a hyperplane, but deduct more than one 
from the number of variable intersections with the curve, giving 
a special series whose order was not more than double its 
dimension, which we have just seen to be impossible. 

Theorem 48] The canonical curve has no singular point. 

If two canonical curves be birationally related, so are the 
corresponding plane curves, which must have the same genus. 
Hence the canonical curves are of the same order in the same 
number of dimensions, and hyperplane sections correspond on 
the two. 

Theorem 49] If two canonical curves be bwrationally related, 
the relation is a projective one. 

Theorem 50] If a non-hyperelliptic curve be birationally trans- 
formed into itself, the corresponding canonical curve is projectively 
transformed into itself. 
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Even a non-hyperelliptic curve may be birationally trans- 
formed into a space curve with no singular point. The totality 
of adjoints of order n—2 will cut a complete series whose order 
is n—2-++2p and dimension n—2-+p, and so by 34] is simple. 
Also, for this series NV < 2r. Here we have corresponding a curve 
of order N in a space of 7 dimensions. If there were a mul- 
tiple point of order s, the hyperplanes through it would cut a 
gx, which is special, but that violates Clifford’s theorem. 


CHAPTER II 
ABELIAN INTEGRALS 
§ 1. Integrals of the first sort* 
Suppose that we have a base curve of genus p whose equation is 
S(x,y) = 9. (1) 
We assume, as usual, that this curve is-irreducible. y is an 


algebraic function of x, n-valued in the Gauss plane, single- 
valued on the corresponding Riemann surface whose branch 


points correspond to points of the curve where there are. 


branches of order higher than the first, and to points where the 
tangent is vertical. If P and Q be two polynomials whose ratio 
is not constant, the expression 


P(x, y) 

Qe,u) ; 
is an n-valued function of x in the Gauss plane, or single-valued 
on the Riemann surface. We may call it a rational function of 
x on that surface. It has no singularities but poles and polar 
branch points. If we eliminate y between (1) and (2), we get 

(a, yO. (3) 

Conversely, a single-valued function of 2 on the Riemann 
surface with no singularities but poles and polar branch points 
possesses the property that the elementary symmetric functions 
of its n values will be single-valued functions of x in the Gauss 
plane whose only singularities are poles, and so rational func- 
tions. If this function be called Y it will be connected with x 
by an equation of the type (3). 

Definition. When x and y are connected by an equation such 
as (1), an integral of the type 


f Ply) 
eres (4) 


LoYo 


shall be called an ‘Abelian integral’. The value will depend on 


* As the subject-matter of the present chapter is vast, and a little outside 
the natural course of our investigations, we give some of the proofs in rather 


sketchy form. The reader anxious to refresh his knowledge is referred to _ 


Appell et Goursat, to Picard, vol. ii, or to Severi-Léffler. 
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the limits of integration, and on the path followed upon the 


Riemann surface. Looked upon as a function of 2, it can have 


poles or logarithmic singularities. The poles may or may not 
have residues. Since the sum of the residues all over the Rie- 
mann surface must be 0, the number of poles with residues of 
the integrand must be at least two, if there be any at all. Every 
Abelian integral can be built up from others of the following types: 

1) Rational functions of x and y. 

2) Integrals which are everywhere finite, defined as ‘integrals 
of the first sort’. 

3) Integrals with nothing worse than poles, defined as of the 
‘second sort’. 

4) Integrals with pairs of logarithmic singularities, ‘integrals 
of the third sort’. 

With regard to integrals of the second sort, it is sufficient for 
our present purposes to consider those which have a single pole 
of the first order, for it is easy to show that every other integral 
of the second sort is made up of a rational function and p 
linearly independent integrals of the first sort, and p of the 
second with one simple pole each.* 

The kernel of the whole matter lies in the integrals of the 
first sort. How do we know that such things exist anyway ? 
An everywhere finite analytic function in the Gauss plane is 
a constant; why should not the same be true on a Riemann 
surface 2? It is not true, however: there are everywhere finite 
integrals which are not constants. We shall proceed to build 
one up, putting on the necessary conditions as we go along, 
and then show them to be sufficient. 

As a preliminary simplification, let us assume that our curve 
has no singularities but nodes, that there are no vertical asymp- 
totes, and no vertical tangents are singular. We know by 
Clebsch’s Transformation Theorem 14] of Book IT, Ch. I, that 
this pleasant situation can always be reached by means of a 
factorable Cremona transformation. The genus of the curve 
will remain unaltered by the transformation, and the canonical 
series carried into the canonical series. The number of branch 


points will be m= 2(n+p—l), 


* Cf. Appell et Goursat, p. 300. 
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and they are the points where the tangents are vertical. Let 
us see what happens at infinity. The curve meets the infinite 
line in n ordinary points with non-vertical tangents, corre- 
sponding to n developments of the form 


a; a; 
y = byt+ayt—t+—3 +... . 
When we substitute in a rational fraction 7 and integrate 


right out to infinity, the result remains finite when, and only 


when, P(w,y) _b-» rie 

CE) | 
and this demands that the degree of Q shall be at least 2 greater 
than that of P. 

The other points where the integral might become finite are 
the 0’s of the integrand, i.e. the intersections of the base curve 
(1) with Q= 0. 

If the integral is to remain finite, even when the integrand 
becomes infinite, the latter must do so to a fractional power, 
i.e. we must be at a branch point. At these points we must have 


of 
oy 
Let 91, Ya, -++) Yn be the n values of y corresponding to a ‘single 
value of x. We write the function 
P(x Yi) 
nO (©, Yi) 
Since this is symmetric faniodiiat of the y’s it is a rational function 
in x, which becomes infinite in the finite region at most to a frac- 


tional power, i.e. a polynomial in x, and its degree cannot exceed 
k—2, since the degree of Q exceeds that of P by 2 at least. 


P(w,4;)_, Pla, Yo) _ Me Ah pony. 


Q(x,Y1)  Q(x,Y2) Q(x, Yn) 
P(x, y;) P(x, yo) P(a, Yn) _ 
O(a, nw)” scr) he ac tn) ©) 


P(a, A P(a, i ik Pw, ae 
yt Ola, 4, La Ola, 0, Sail BO (eie =e cil «ABE (0) 
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If we take n of the equations, the determinant of the coeffi- 
cients is 
1 1 ts ete. ay 
Oe ee) 
Pee np UR 
and will not vanish identically, so that the equations may be 
P(x, Yi 


solved for the fractions —~?*" ) . We solve them in the following 


2dt 


ingenious way. Let us write 
f(w,y) _ 
YY: 

We multiply our first equation (5) by A,,_,, the second by A,_», 

the last by Ay, and add. The coefficient of - PY) will then be 


Aggy? Ay Ye" + Apo Aas 


Q(z, Y:) Y:) 
fle.y) and so = ii 
Y—Yi a ie a oy, 
That of £4) will be | 
Y; 
= BY) yee yj, and so = 0. 
—%Y: 


Hence we have 
Of (x, ys) P(x, yi) 


cane bn—3(Xis Yi) 


OY; Yi) 
ae Oye aa pe (6) 


oy 
Since as vanishes to the first order at the nodes, ¢,,_3(%, y) must 
y 


do the same and so be a special adjoint. Suppose, conversely, 
that we take 
Pn—3(& 2 y) dx 
of j 
ey 


where ¢,-3 is a special adjoint. The integrand is everywhere 
3781 T 
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finite except at points where the tangent is vertical, and at the 
nodes. In the former case, since 


fina Fa 


oy bat 
and the integral is finite. At a node the numerator and de- 
nominator vanish to the first order, and the integral is finite; 
we have indeed an integral of the first sort, and there is no 


other. Remembering the number of linearly independent special - ' 


adjoints, we get 

Riemann’s Integral Theorem 1] Associated with an irreducible 
curve of genus p there are p linearly independent integrals of the 
first sort. The zeros of the integrands are growps of the canonical 
series, and every such group will give rise to exactly one integral 
of the first sort.* 

In determining these integrals we made a very particular 
assumption as to singularities of the transformed curve. How 
far did we make use of this fact in our demonstration? Only 
in showing that the curve ¢,_, was an adjoint; its order was 
determined by other considerations. Let a birational trans- 
formation carry f(x, y) into f’(«’, y’); the correspondence between 
integrals of the first sort on the two curves may be written in 


the form ae 
; bral) gy — ovals’) gy, 
Li eae 
ey ey 
Let G be a group of the canonical series of f, G’ the corre- 
sponding group of the canonical series of f’, H’ the group of f’ 


cut by #. Let (x9, ¥) and (a, yp) be corresponding points of the 
groups G and G’. Since 


ee fn 
Yn—3(Xp; Yo) Ox = 0, 
and we may safely assume that we are not at a branch point 


da’ 
so that a #0, then %,_3(%p, Yo) = 0, or (#), yj) belongs to the 


* Riemann cit. especially pp. 130 ff. 


Chap. II INTEGRALS OF THE FIRST SORT 275 


group H’, which is thus identical with G’. The p linearly 
independent curves % cut f’ in the canonical series. The same 
is true of the p linearly independent special adjoints ¢’. No 
system of curves but the special adjoints could cut the canonical 
series, for such curves would have to be adjoints to behave at 


Fr 


the singular points like the adjoints oa Hence % and ¢’ are 


identical. 
Theorem 2] The necessary and sufficient condition that an 
Abelian integral be of the first sort is that the integrand take the form 


where $y_-3(x, y) = 0 ts the equation of a special adjoint. 


§ 2. Integrals of other sorts 

Let us next consider the special integral of the second sort 
with a single pole of the first order. If two integrals of the first 
sort share a single pole of the first order, a lear combination 
of them will be of the first sort. Hence we have merely to 
consider an individual integral of the second sort with a given 
pole. As before, the degree of the denominator must exceed 
that of the numerator by two, at least. Let the single pole be 
(%, Yo), and write the integral 


ese semen © o 
of |@ 
| (ea) +(Y¥—Yo) ale By 


where ¢ is an adjoint of order n—2. By our previous reasoning 
this integral will be finite everywhere except at (7, Yo) if we can 
find an adjoint to go through the remaining n— 2 intersections 
of f with the tangent 

of 


(x— Xo) a e a Yo) ay 


We know that the ec conditions are independent, so 
that the number of degrees of freedom of # is 
(n—2)(n+1) _ ti lee etait 
2 » 2 Le aie 
T 2 
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This freedom is so great that ;s need not consist in the tangent 
and a special adjoint; we may find an irreducible adjoint of 
order n—2 to fit. The integrand has the development in the 
vicinity of (Xp, Yo), 
a_ 
ae +n-+a,("¥—aq)+a(~—2Xp)?+.... 
The term in (x—2,)~1 is lacking, as we could not have a single 
pole with residue. Hence the integral has the desired form 
(x—2'9) 


+e+«(w—a%))+ 3 (~—ay)?+ : (w—ap)?+.... 


If we take a group of points P,,P,,...,P,, which are not on 
the same special adjoint, and if Hj, H,,...,#,, be the Abelian 
integrals of the second sort, each with a pole of the first order 
at the corresponding point P, while J,, J,,...,[,, are p linearly 
independent integrals of the first sort, then it may be shown 
that every Abelian integral with no logarithmic singularity may 
be expressed in the form* 

P(x,y) 
> H+ > BL;+ Ga, (8) 

There remain integrals of the third sort. These are found by 

the same considerations as those of the second sort, and take 


the form 
p(x, ¥) 
ee 
ct pl oy 
TY, 1 
where ¢ is an adjoint of order n—2 through all the intersections 
of f with the straight line which appears in the denominator 
except (7, 4;) and (23, ¥.). 


dx, (9) 


§ 3. Abel’s Theorem 


Suppose that we have a rational one-parameter system of points 
on our base curve, i.e. a set cut by the rational system of curves 


A(z, 4, 2)== 0, 


* Cf. Appell et Goursat, pp. 338 ff. 


. 
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where # is a polynomial not independent of z. Consider the 
integrals 
2X, "5 ip 
de-+ fe de-+.. la - du=F 
[3 7 tte () 
Xo,Yo Xo,Vo Xo,Vo 


P(a1,Y1) day _, P(wy, Yo) dx, P(ty, Yn) dty _ dF 
Q(x, 41) dz © Q(x, Ye) dz Q(xy, yn) dz dz’ 
where (21, Y;) (#9, Ya)... are a group cut by a particular curve R 
for a given z and the integral 
P(x, y) 
Q(x, y) 
is of the first or second sort. The left-hand side is an algebraic 
function which is single-valued, owing to its symmetry, hence 
the right-hand side is rational, and F' the integral of a rational 
function, and so is rational except, perhaps, for logarithmic 
singularities. The latter cannot occur if 


POY) ay 
Q(x yo 
be an integral of the first or second sort. 

If our group of points depend rationally not on one variable 
but on several, we get a set of functions which are rational in 
each variable alone, and, hence, rational in all together* or 
involve at worst logarithmic singularities. 

This gives us 

Abel’s Theorem 3] The sum of the values of an integral of the 
first or second sort from a fixed point to the points of intersection 
with a curve depending rationally upon any number of parameters 
is a rational function of those parameters. 

A rational function which is everywhere finite is a constant. 

Theorem 4] The sum of the values of an integral of the first 
sort from a fixed point to the points of intersection with a curve 
depending rationally on any number of parameters 1s a constant. 

The value of this constant will depend, naturally, on the point 
of departure of the integral, and the path followed on the Rie- 
mann surface. We may state the theorem by saying that the 


ect 


* Cf. Osgood, vol. ii, p. 283. 
+ Cf. Abel, p. 515, also Severi-Léffler, p. 267, and Appell et Goursat, ch, ix, 
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sum of the values of the integral will not be altered by a slight 
displacement of the rational group of points. 


TE (ary, 4)yeo0s (ys Yw) and (4, Y/),--- (ty, Ye) be two groups of a 
linear series, or, as we have called them, two equivalent groups, 


ae #09) ay 
of 
ey 

be an integral of the first sort, 

aa Liyyi 
| Pere) i 0. (10) 
of ‘4 
4=1 oy 


Lisi 
Suppose, conversely, that we have two groups of N points, 


and that this equation holds for every integral of the first sort. 
It can be shown by methods of the theory of functions which 
would carry us too far afield* that the groups (x,, y;) and (x;, y;) are 
equivalent, or that these necessary conditions are also sufficient. 

The theorem is certainly very plausible when the conditions 
thus imposed upon the group (x;,y;) are independent. For the 
number of parameters on which the group depends will thus be 
N—vp. On the other hand this will contain the complete g%, 
determined by the group (x,,y;), and the number of parameters 
of this is given by the Riemann-Roch Theorem 28] of the first 
chapter in the present book. We have thus 

N—p > N—p-+t. 
Hones 41=0 N—p=N—p. 

Since the total system of points and the linear system included 
therein depend on the same number of parameters, it is natural 
to conclude that they are identical. This is not an exact proof, 
and of course is inapplicable when thé conditions are not inde- 
pendent. We therefore state without proof: 

Theorem 5] The necessary and sufficient condition that two 
groups of the same order should be equivalent is that the sum of 
the values of each integral of the first sort from a fixed point to the 
point of one group should differ only by multiples of the periods 
of the integrals from the corresponding sum for the second group. 

* Cf. Severi-Léffler, p. 271. 


CHAPTER III 
SINGULAR POINTS OF CORRESPONDENCES 


§ 1. The Chasles-Cayley -Brill Correspondence Formula 
In Chapter VIII of Book I we developed the Chasles-Cayley- 
Brill correspondence formula, and drew a number of conclusions 
from it. The formula was developed only for curves with 
ordinary singular points and cusps, and we assumed there were 
no coincidences at cusps. In Chapter IV of Book II we showed 
that the formula holds even when the curve has any sort of 
singularities, but we assumed that no coincidences came on 
branches of order higher than the first. If they do, the formula 
still holds, since it is birationally invariant, and we can carry 
over to a curve with none but linear branches, but we must see 
how to count the coincidences on super-linear branches. We 
first restate the formula itself. 

Chasles-Cayley-Brill Theorem 1] The number of coincidences, 
rightly counted, of a (v,v’) correspondence of value y on a curve 


of genus p is Rey ae Fe (1) 
Suppose that we have a branch of order py at the origin, and 
that P and P’ are corresponding points thereon, 
w=tPo y=alotate+... 2 =t'P y'’ = apt'Po+at'rit... 
OP = potPo+p tu... OP’ = polPo+-p to 
OP’ —VOP = (t'—t)(A)+A,t+ B,t'+...). 


The correspondence arises from a certain number of equations 


6,(2, 4.0.4 ) = 0,(v, 9,25 y ) = ...= 8,(2,y,2,y') =9, 
and for the present purposes gives rise on the branch to a single 
equation A(t, t') ae b(t, et): 


the number of coincidences at the origin will be the multiplicity 
of ¢ as a factor when we put ¢’/—t= 0, or in the (f, ¢’) plane 
the number of intersections of % with ¢’—t=—0 at the origin. 
That is the infinitesimal order in ¢ of the product of the roots 
of this equation in ¢—t’, or the sum of the infinitesimal orders of 
the expressions ’YOP’—"YOP where t or ‘JOP is the principal 
infinitesimal. 

Theorem 2] The number of coincidences P’ = P at the origin 


lo oo. 
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O of a branch of order py is the sum of the infinitesimal orders of 
the distances "VOP’—"NOP where the distance "NOP is taken 
as an infinitesimal of the first order. 

We repeat word for word theorem 11] of the last chapter of 
Book II. 

Theorem 3] Given agi, and certain points A,, Ag,..., A, such that 
co’-J adjoints cutting groups of the series meet the base curve v43+) 
times at A,, then the number of places other than the A’s where 
a group has r+-1 coincident points 18 


(r+1)[N+-1(p—1)I— 2 Vij: (2) 


A coincidence of more than r+-1 points would account for — 


several of these. 

As an example, let us look for the ‘sextactic’ points (it is 
hard to keep away from sex these days) of a curve of order n 
and class m, i.e. the number of points where a non-degenerate 
conic has six-point contact. We have here N = 2n and r= 5. 
Assuming that the curve has only ordinary singular points and 
cusps, though the general case could be handled with a bit of 
care, we see that any conic through a cusp has two intersections 
there, a tangent conic has three, etc., so that the deduction for 
kx cusps will be 5«. We must also cut out each inflexional 
tangent counted twice, for that is a conic; the deduction for the 
inflexions will thus be .(0+0+0+0+1)=c. 

The number of sextactic conics is thus 
12n+-30(p—1)—5x«—t 

= 12n+30(p—1)—5[2n—m-+ 2(p—1)]—[2m—n+ 2(p—1)] 
= 3[n-+-m-+ 6(p—1)]. (3) 

Theorem 4] If a curve of order n and class m have no singular 
points but ordinary ones and cusps, and no singular tangents 
but ordinary ones and inflexional ones, the number of sextactic 


; + sk 
CONICS 1S 3[n-+-m-+6(p—1)]. 


Suppose that we have given ag, and ag\,. How many groups 
of the latter contain r+-1 points of a group of the former? We 
shall call this number for the present purposes 4(N,1r). Let P 
be a general point of the curve, Q a generic name for one of the 


* First determined by Cayley?, p. 217. 
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M—1 points going with it in the g},. We pick r of these points 
Q and use them to determine a group of the gt. The remaining 
points of the group shall be called P’, so that to each point P 


will correspond (om, Vv —r) points P’. Conversely, when P’ 


is given, there will correspond (M—r)¢(N—1,r—1) points P. 
Here are the indices of the correspondence: we must determine 
its coincidences, but this has to be done indirectly. When P is 


given there are ax A sets of r points Q lying with it in a 
group of g},, each individual Q lying in nerd? We may say, 


symbolically, that (Our is a group of a correspondence 
meaning, thereby, that all the points P’ and each Q counted 


ae | times is a group of a complete series which is the 
ee "th multiple of our gi. This extended correspondence is 


the correspondence of P to P’ plus ies ) times the corre- 


spondence of P to Q. The extended correspondence has the 
value 0. The number of coincidences is 


Ge ‘\(v—r) +g — iY r—1)+2(M—1)( 


M—2 
r ) 
These are made up of the 2(//-+-p—1) coincidences of the g}, 


r—l 


each counted Gage times, and the coincidences of the original 


T— 
correspondence coming in ¢(N,7) groups of r+-1 each: 
M—1 M—2 
(O°) vn) + (at) g(W—1, 7-1) +21) 7) 


* oP) p—1)-+ r+ 61) 
(M—r)¢(N—1,r— y+N(N ‘) + (at Nee) 
~ (r-+1)4(N, r)+2(0 )(M-+-p—1) 
#(V—-1,0)=N—1 
o(N, 1) = (N—1)(M—1)—p, 
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for we have the product of two correspondences of value 1: 


ev, y=n(" )—(M 5 )atte—1) 


éW—1,1)=(W—-1(" 7!) —("5 *\artp—. 
Let us assume that 


éW,r—1)=N (7) -(U? 


r—1)— (71 )M+p—)), 


so that 


¢(N—1,r—1) = Ree sed ee 


r—1 r—1)(M+p—1) 
(M—rnyw—1)(7 4) —t— (MP) ate p—1) + 
+N (",)+@l—(7q) 


M—2 
= (r—1)4(W,7)+2(7, | )(M+-p—1). 
The total coefficient of N is 


(an) + (Mo) = ett) 
—(M—=1) (7) +r (M5?) =0. 


If all the terms involving (M -+p—1) be moved to the left 
the total coefficient will be 


(Mn )—2 (4) 85 (ran) 


> 


r—1 r—1 Nr I 
Net y(n, )—o+1)( tS) at+p—1) = @- Aw.) 


Theorem 5] The number of groups of r+1 points common to 
a group of a gy and a group of a g}, is* 
M— ') es —2 


WV, (p21 + — 0. (4) 


? Cf. Severi-Léffler, pp 191, 192. 


* 
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§ 2. The Jacobian series 
Suppose that our base curve 


Ff (#1, Xa, Xz) = 0 


is cut by the pencil of curves 


Abt pif = 0. 
The gi so determined has a certain number of singular points 
arising from curves of the pencil that pass through singularities 
of the base curve to a higher degree than usual, and from con- 
tact. In either case we have 


ALY) _ 
(24, X25 2s) 

It will be possible, though not necessary, to assume that f has 
only ordinary singularities, a condition that can be brought 
about by a factorable Cremona transformation, as we saw in 
Nother’s transformation theorem 11] of Book IT, Ch. I. Since a 
transformation of this sort will carry a Jacobian into a Jacobian, 
there is no loss. The group of singular points of the g}, arising 
from coincidences between points on the same branch shall be 
called the ‘Jacobian Group’. 

Theorem 6] The Jacobian group of a one-dimensional linear 
series is given by intersections of the base curve with the Jacobian 
curve of itself and two curves cutting the series. 

Now let us take two groups of a gh cut by the curves 


b =7ot119,+...+7,5,, 
b = 80 )+8,0,+...+8,9,, 
the Jacobian Group of the gh cut by A¢d-++purs will be given by 


Ds O(f, 9;, 95) ey (5) 


O(@y, Xp, Xs) 
The complete series containing all groups cut by this last system 
of curves is called the ‘Jacobian series’ of the given linear series. 

Theorem 7] The Jacobian groups of all gh’s of a gy are con- 
tained in a complete gfx +»-1)- 

Let us return to the Jacobian group of a gl}. Let one of the 
centres of the pencil approach a limiting position on the base 
curve. The gi, will approach a g}_,,and the latter has a Jacobian 
group of 2(N-+-p—2) points, or two less than before. Hence, if 


Yr; ; 
8; 8; 
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all groups of a gi have a common point, this must be counted 
doubly in the Jacobian group. 

Suppose, next, that we have agi andag},. Let G’ be a group 
of the latter. If we add this to the g} we get a series whose 
Jacobian group consists in that of g} plus twice the group G’. 
Applying this to each group of gi, we get 

Theorem 8] The Jacobian series of the sum of two given series 
is the sum of the Jacobian series of one, and the double of the 
other series. 

We get a very curious result by interchanging the roles of the 
two series in this theorem. The sum of a Jacobian group of one 
series, plus twice a group of the second, is equivalent, in the 
sense of Book I, Ch. VIII, to the sum of a Jacobian group of 
the second plus twice a group of the first. Hence, by the arith- 
metical operations there explained, we see that the difference 
between a Jacobian group of one and twice a group of that one 
is equivalent to the difference between a Jacobian group of the 
other and twice a group of the other. Or, using the theory of 
sums and differences of series explained in the first chapter 
of the present book, we see that the difference between the 
Jacobian series and the double of a given series is independent 
of the series chosen. Let us take, in particular, the g? cut by 
all straight lines. The Jacobian group of a pencil of lines is the 
points of contact of tangents from the centre of the pencil and 
the extraordinary singular points, and so on the first polar of 
that centre. The Jacobian series is that cut by all adjoints of 
order n—1, and so is not special but a g%j,7"—-1}. The difference 
between this and the double of the given series is that cut by 
all adjoints of order n—3, for one of these and a line counted 
twice is an adjoint of order n—1. 

Theorem 9] The canonical series is the difference between the 
Jacobian series of a given series and the given series counted twice. 

This gives immediately another proof of the theorem that the 
canonical series will be birationally transformed into the canoni- 
cal series. 


§ 3. The De Jonquiéres formula 


We shall devote the present section to the repellant but in- 
teresting task of finding how many groups there are in a gy 
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consisting in p different points having multiplicities ey, keg, Keys 
where 

k= N 2 (k;—1) = r= N—p. 


This means that, by imposing k;—1 conditions, we get a multi- 
plicity &; at least. When the multiplicity is greater than this, 
we count the coincidences as in theorem 2] of the present 
chapter. We need not assume that all of the &,’s have different 
values. Suppose the value k, is repeated «, times, the value ke 
a times, and so on. Let us represent the number we seek by 
the curious symbol [Jeyhep...Ig] 


Oy! al ck. 
To show the suitableness of the notation, suppose that 
kj =k,=...=k,,. The number of groups where these were 


distinguished would be «,! times the number where they were 
indistinguishable, i.e. 


[lash iee--Breae-Mpl 04! [Rakanrokpl 


ANA ae abet of ere es 


[eg skera---ra,---lg] = [hehe]. 


Suppose, next, that no two numbers of &, k,, ky,..., ky, ky +k, 
ky-k,...,k,+-& are equal. Consider a gi, on our base curve. If 
we take such of the adjoints cutting this series as meet the 
curve k times at a chosen point p, there will be residual thereto 
ag. The number of groups with multiplicities /,, k,,... will be 
[k,k,...k,]. Let us take one such group, and call the first point 
k,Q,, the second k,Q,, and so on. They will correspond to P in 
a correspondence of value k[k,ky...k,]. 

Conversely, if a point @, be given, if we look upon it as k, 
near points there will correspond thereto h,[k,k...k;...k,] points 
P, ete. 

It might seem natural to think that this number should be 
multiplied by & since the adjoints have k-point contact at P. 
But in finding the value of the correspondence we counted P as 
a single point, and then multiplied by k because the adjoints 
have k-point contact. The factor k; is accounted for because 
the single P corresponds to k; adjacent @,’s. The coincidences 
of P and Q will come from points of multiplicity (k+-k;), such 
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a group counting as k, coincidences. We thus get from Chasles- 
Cayley-Brill, theorem 1] of the present chapter, 

3 ke [heykey...hy|+ key [hhy...hey | hal ky h...heg|-+ +. 2pk[ kyko...bp] 

= ky[(b--hy hea. -eg) + heal hey (e+ keg). Teg] +r 
+leglkeyhy..(k-+k,)]. (6) 

Next we must see what modifications are needed if some of 
the different numbers be equal. 

a) ky=kha=... = ky. 


We should replace [kyhy...k,] by Meo) and [hky...ky] by 
a! 


[hkeg...p| 
(a,—1) 

But what were formerly a, types of coincidence are now 
replaced by one type, so we must divide by a,. In the same 
way our expressions [(k-+-4,)k,...k,] should all be divided by 
a,!. Multiplying out this common divisor, we fall back on (6). 


b) k= k,. 
This is somewhat like the last case, but [/,4...£,] must be 
replaced by — The divisor 2 may be multiplied out as 


before, as 2 points P correspond to Q,. 

c) kj =(k,+k). Here we shall have to multiply and divide 
in certain cases by 2, but the net result is the same. Our 
formula (6) always holds. 

It is now time to build by mathematical induction; the 
essential thing is to take the various steps in the right order. 

[1,1,...4,] can be found from our formula (2) for all values 
of the last argument. Taking k,=k,=...= k,»=1,k=k,.—1 
we find [1,1,...4,_,£,] for all values of the last two arguments. 
Continuing in this way, we finally get [Ayk...b,], and at every 
stage of the process one of the k’s is equal to 1. 

We shall now proceed to show 


[Heky..hg] = Iyky...kfp!-+(p—V)!p > (y—1)-+ 
+(p—2)! p(p—1) & (kg—1) (bj) +... + 
+Pp(p—1)...(p—p+1)(ky—1)(k_—1)...(k,—1)], (7) 
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no two indices under a summation sign being supposed equal. 
By (2) 
[1, 1, ...4,] = (p—1)! k,[p—1-++k,+ (k,—1)(p—1)] 
= k,[p!-+(p—1)! p(k, —V)], 
so that the formula (7) holds at the first stage of the process. 
Suppose it holds at some stage, let us show that it holds at the 
next stage by showing that we get a true equation by sub- 
stituting in (6). 
We rewrite (6) 
key{[(h+- ky )hy..-y|—[hy ha...) —[hkg...k} + 
--Keg{[He, (e+) Keg] — [gh eg] — [gh eg) + 


— 2pk[kyks...k,| = 0, (8) 
and if we write k,hk,...k, = II, (7) may be written 
[kal] ary a 
ok; ok,ok; 
= IIp(p—1)...(p—p—1 —_—__— —...}+ 
p(p—1)...(p—p—1)} —— ar pe eT 
1 
+(—1p>=0. (9) 
P 


We substitute in (8) and collect the terms. Since this is a formal 
identity, we may divide out IIp(p—1)...(p—p+1). The total 


coefficient of aS will be 2(o—p)kII. 
—p 


The total coefficient of 


papi Will be 

> +> a oe, +*D aa, ~ ae Dirge 
SSH pays 

But > hapa, =O » a 


all 
Hence we get the coefficient 2k(p—p—1) eS aE 
j 
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(Ses 


In the same way the coefficient of aaa besides the | 
Pr. k 


partial derivatives, is 2k[p—p—o]. The result of substituting is 


e7i1 : 
—2k| 11 5E, + >. ea sige, -|= —2k(ky—1)(k_—1)...(k,—1). 

But we ea Ashe noted that one k,; is necessarily 1. 
Hence, on the left as on the right, we have 0; the substitution 
yielded correct results, and the formula steps up and is proved 
by induction. 

De Jonquiéres Theorem 10] The total number of groups of a gy 
consisting in a point of multiplicity k,, one of multiplicity kp,..., 
one of multiplicity k,, where > k; = N, > (k;—1) =r, and where oy 
_ points have one multiplicity, x. another, etc., and Il = kyky...k, 18* 


yes Or 
Tp(p—1)...(p—p)| TM qr Be | Se eh oh, 


=) 
Oj! Gig! sae —S Ppl ‘p—p-- 2 


* De Jonquiéres’, pp. 289 ff. The proof here given is an expansion of 
Zeuthen®, pp. 240 ff. 
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CHAPTER IV 
MODULI AND LIMITING VALUES 


§ 1. The gap theorem of Weierstrass 

Suppose that we have p—k general points of our base curve 

where k > 0. Their index of specialization is k, and the complete 

series of which they are a group will have the dimension 

p—k+k—p=0. Hence they cannot be the group of poles of 

a rational function. On the other hand, if we take »+/ points, 
r=ptl—p=l. 

Theorem 1] The smallest number of points in general position 
which can be the group of poles for a rational function of « and y 
as one more than the genus of the curve. 

Theorem 2] A necessary and sufficient condition that the dimen- 
sion of the complete series which contains a given group should be 
other than 0, is either that the number of points is less than or 
equal to the genus, and the conditions imposed on a special adjoint 
not independent, or the number is greater than the genus. 

Suppose that we have a set of N points P,, P,,..., Py on a base 
curve which is not hyperelliptic, and has the genus p. Let us 
assume that the points P,, Py,...,P,, impose independent conditions 
on a special adjoint, but that every special adjoint through them 
also goes through FP, 1, P12... P,,-1. We suppose that P, is the 
first point of the series having this property. The groups y,..., P, 
and P,,...,P,,, have the same index of specialization, but for the 
second group7=1. The point P,,, could not be fixed for this, 
for if it were, P,,...,F,, would be a group of a complete gi. 
Neither could a previous point, say P,, be fixed, for the order 
of these first » points is immaterial; they merely impose inde- 
pendent conditions. P,, P,,..., P,, P41 are a group of a complete 
series with no fixed point and are poles of a rational function. 
Since the points P,,1, P42)... P,,-1 enter symmetrically, we see 
that they are a group of a complete series with no fixed point, 
for a point fixed in this series would be fixed in the series of 
order «+1 just described. The point P,, shall impose a new 
condition on all adjoints through P,,...,P,,,. The group 
P,,P,,...,P,,, belongs to a series of order , and of dimension 


9 ny 
3781 U 


ne ea 
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/44—p—1, so that the index of specialization is p—y—1. Sup- 
pose that all these special adjoints go through P,,,,1,....P,,-1- 
Here we have a complete series of order p,—1; the index of 
specialization is py—y—l1 as before, hence the dimension is 
}#2—p—2. Let us show there is no fixed point. If there were 
a fixed point with index > p,, dropping that point we should 
have a series with index p—y, so that all special adjoints 
through P,,..., P,, would pass through the remaining points, which 
is not the case. But if the subscript were <p,, we should be 
in the same trouble as before when we assumed P, fixed. 


Let P,,, be another point of our original set, and let us assume 


that all the special adjoints through P,, P,,..., P,, go also through 
Pritt» Pugtzos Py, We may go through exactly the same 
reasoning as before, getting a new series of variable points. 
Keeping on in this way we shall get points P,,,, P,,,,....P,, which 
impose new conditions on a special adjoint, so that +1 = p—1 
if the adjoint be now fixed, and go through various other points, 
perhaps P,,,1,-.., of our group. If we take a last point P,,,, not 
among these it will also impose another impossible condition 
(like the last of p points in general position), every succeeding 
point will determine a series of positive dimension. This gives 
Weierstrass’s Gap Theorem 3] Given a succession of non- 
singular points which are on a non-hyperelliptic curve of genus p, 
but are not a group of the canonical series, the number of growps 
of the first k which cannot constitute the group of simple poles of 
a rational function is p. 
Taking the points ‘next’ to one another, we get a more 
familiar form: 
Weierstrass’s Gap Theorem 4] Given a non-singular point of 
a non-hyperelliptic curve of genus p. The orders which it cannot 
possess as the single pole of a rational function are p in number.* 
Given a point in general position on a curve, a special adjoint 
with (p—1)-point contact will not, usually, have higher contact. 
There are exceptional curves, which we shall study later, where 
this can happen. The lowest multiplicity it can have as a single 
pole of a rational function is p+1. If the contact conditions 
were not independent, so that a special adjoint with (p— 1)-point 
contact has really higher contact, the order of the lowest pole 
* Weierstrass, p. 69. 


q 
Ds 


os 
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is less; the point is called a Weierstrass point. We get at once, 
from Chapter III, theorem 3] of the present book: 

Theorem 5] The number of Weierstrass points on a non- 
hyperelliptic curve of genus p is p(p?—1). 

It is to be understood here that if these adjoints have higher 
contact still, the number of coincidences, or of identical Weier- 
strass points, is greater. 


§2. Moduli 


Two curves of the same order cannot, clearly, be projected into 
one another, i.e. carried into one another by a linear trans- 
formation, unless they have the same Pliicker characteristics. 
Even this is not a sufficient condition in the case of curves of 
order greater than 2. If we allow ourselves not merely linear 
transformations but birational ones, the hope of carrying two 
curves into one another is greatly strengthened. A non-hyper- 
elliptic curve of genus p may be carried into a curve of order 
2»—2 in a space of »—1 dimensions with no singular point, the 
canonical series being carried into that cut by hyperplanes. 

It appears, thus, that the N.S. condition that two non- 
hyperelliptic curves, necessarily of the same genus, should be 
capable of being birationally carried into one another is that 
the corresponding non-singular curves in higher space should 
be capable of being carried into one another by a linear trans- 
formation, i.e. that they should be projectively equivalent. The 
Weierstrass points on the plane curves will correspond to 
Weierstrass points on the space curves where tangent hyper- 
planes required to have a certain amount of contact will auto- 
matically have a higher contact. Let 4 be the lowest integer 
for which it is true that all hyperplanes at a certain point with 
p-point contact have higher contact, say (u-++1)-point contact. 
This point counted +1 times is a group of a complete g/,,, 
as we saw by the reasoning which led up to Weierstrass’s gap 
theorem. The pencil of secant hyperplanes cutting g/,, will have 
2(u-+1) of its members tangent to the space curve by Chasles- 
Cayley-Brill applied to the g/,,, but p of the coincidences 
are accounted for at the given point. There are 2p others, 
and the hyperplanes of their pencil making these contacts 
will have »+2p—3 cross ratios, invariant numbers for the 

U2 
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curve under a projective transformation when the other points 
of contact are distinct. 

It occurs to us at this point that perhaps the Weierstrass 
points coalesce in two or three places, so that there are really 
very few of them. We can get a limit here as follows.* Suppose 
that at a certain Weierstrass point 00?-1~/ special adjoints meet 
a branch of the curve j+-v; times. Applying Clifford’s theorem 
30], Book III, Ch. I, to the residual series, we have i 


2p—2—(v;+j) > 2(p—1—)) Vv; =) 


ie 


The number of Weierstrass points accounted for by this 


particular one (for this branch) is thus 
1 
Vy try t bey <1424...¢p—1 Se ) 


Theorem 6] No one Weierstrass point can account for more 
than PAP a sf zy, falling together on the same branch. 


It might occur to us that trouble would come at a very 
complicated singularity, but these theorems are birationally 
invariant, and we may suppose the curve transformed into one 
with no singularities but nodes. Remembering 5]: 

Theorem 7] The number of distinct Weierstrass points on the 
curve of order 2p—2 in a space of p—1 dimensions is at least 


2p+6. 

Since this number is greater than the order of the non-singular 
space curve, the Weierstrass points of the latter could not all 
lie in a space of lower dimensions. 

Suppose, now, we had a non-hyperelliptic or elliptic curve 
that is carried into itself by an infinite number of birational 
transformations. In hyperspace we should have a curve carried 
into itself by an infinite number of collineations. There would 
therefore be an infinite number of these collineations which left 
all the Weierstrass points in place. But the number of the 
points we have just seen > 2p+6, and not more than 2p—2 
can lie in any hyperplane. The hyperplanes of closest contact 
at each of these points will also be invariant. If we take p—2 
of the Weierstrass points determining a space of p—3 dimen- 


* Cf. Segre®, p. 90. 
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sions, not more than 2p—2 Weierstrass points can lie in this 
space. Through it will pass a pencil of hyperplanes. There must 
be at least nine other Weierstrass points, and as at least eight 
Weierstrass points lie outside any hyperplane, at least three 
hyperplanes of the pencil go to other Weierstrass points. There 
are an infinite number of collineations carrying these three 
hyperplanes into themselves and so keeping invariant every 
hyperplane of the pencil and its set of intersections with the 
curve. Hence, as many points as we please are invariant, or all 
are. A hyperelliptic curve cannot be carried into itself by an 
infinite number of birational transformations, for its g} can- 
not be. 

Theorem 8] A curve of genus greater than 1 cannot be carried 
into itself by an infinite number of birational transformations. 

Let us try to discover just how many independent invariants 
a curve of genus p has under the group of all birational trans- 
formations. On how many parameters does the general gy 
depend ? By Riemann-Roch for a non-special g4, 

r= N—p. 

The number of parameters in the system of all groups of NV 
points is NV, the number in our series is 7, hence the sets of all 
complete g%,’s depend on p parameters. Now consider an incom- 
plete not special g%,. It is contained in a complete g¥-?. The 
number of g%,’s in such a gN-? is the number of sets of r--1 
linearly independent polynomials in a set of N—p -+ 1 such, or 
of spaces of r dimensions in a space of N—p dimensions, it is 
the number of sets of r-+-1 independent points in a space of 
N—»p dimensions, less the number in a space of r dimensions, and 
so is (r-+1)(N—p—r). Adding p for the complete series, we get 

Theorem 9] The number of parameters on which depend the 
totality of non-special series of order N and dimension r on a curve 


of genus p is (r-+1)(N—r)—pr. 
When N > 2(p—1), the number of parameters for a g}y is 
3(N—2)—2p > 2. Take the g?, determined by 
Xo Pyotr +A, p= 0. 
Make the transformation 
pX;4 = Pj(Xz, La, Xg). 


et oe, Leen 
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It will carry our curve into one of order N, and the given 9%, 
into that cut by all straight lines. It is to be noted that our 
given curve can be carried through this g%, into a plane curve 
of order N in oo8 ways corresponding to the number of coilinea- 
tions of the plane into itself. If two different g%,’s could give 
us the same set of curves of order N, the g\,_, residual to a given 
point in the first g?, would be carried by the first transformation 
into sets of N—1 points collinear with a fixed point, and be 
carried by the inverse of the second transformation into a set 
of N—1 points residual to a point P’. There would be a bi- 
rational relation between the points P and P’, and the curve ~ 
would be birationally transformed into itself. We have just seen 
that for a non-hyperelliptic curve of genus greater than 2 this 
can only be done in a finite number of ways. Hence, the plane 
curves of order N derivable from our given curve in this way 


epee COR SEs Ny 23) a ema Og oT) 
parameters. ; 

Suppose, now, we replace our original curve of genus p by 
another not birationally equivalent, we get another plane curve 
of order N not projectively equivalent to the first. We saw in 
Lefschetz’s theorem 4] of Book I, Ch. VII, that the total free- 
dom of a curve of order NV and genus p is 

N(N+3) _ (ae ») aN tier 
2 2 

Taking from this the number of parameters in a set pro- 
jectively equivalent to a given curve, we get the number of 
parameters governing the sets, i.e. the number of birationally 
invariant numbers for a given curve: 


3N + (p—1)—[3N —2(p—1)] = 3(p—]). 
Theorem 10] A non-hyperelliptic curve of genus greater than 
2 has 3(p—1) independent birationally invariant numbers, not 
constants independent of the curve. 
These numbers are defined as ‘moduli’ of the curve.* 


§ 3. Limiting values 


The numbers N, p, and r are connected by a certain number of 
inequalities. These are reached by considering the multiples of 
* Our proof of 10] is from Severi-Léffler, pp. 157 ff. 


Chap. IV LIMITING VALUES 295 


a given series.* Let us consider first the kth multiple of a gn: 


Suppose, first, k< wy. We may find & different sets of r—1 


points of a irk ate which have the property that an 
adjoint of the set cutting the given series through them will 
not necessarily go through any other of the N points. Our 
group must, therefore, impose at least k(r—1)-++1 independent 
conditions on the adjoints which cut the kth multiple of the 
given series. Suppose, on the other hand, 


ee NS Rr ON Se ST 


We may take / adjoints through the / groups, each of which 
contains, usually, no other point of the NV, so that these will 
impose /(r—1) conditions on the /th multiple of the series. The 
remaining A points will impose independent conditions on one 
of our adjoints, so that the whole set will impose /(r—1)-+-A = 
conditions on the (J+ 1)th multiple, and on every higher multiple 

Theorem 11] If a gy have no fixed points and r > 1, the points 
of a generic group will impose at least k(r—1)+-1 independent 
conditions on the kth multiple of the given series, when k < — : 
but N independent conditions when k 1s greater. 

The difference between the kth multiple and the given series 
is, by definition, a complete series, and so is the (k—1)th 
multiple. If 7, and r;,_, be the dimensions of the kth and 
(k—1)th multiples respectively, we have 


N—1 
p-a <Te—K(r—1)+1 ki Storey 
N-1 
Tr—T ea = k(r—1)+1 k< Ai § 
N-1 
Ty—Tp-1 2 N k> ral 
rr > Yr—1) +1 
%o == 38(r—1)+-2 
N-1 
TZ = EE 1)+k Ease : (1) 


* Cf. Castelnuovo.? 
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sal es <K pines : 
r—l t— 

Let us show that in this case the Ath multiple is not special. 
We see that the number of conditions a general group imposes 
on the Ath multiple is 

> K(r—1)+-1 >N—r+1. 

But if the Kth multiple were special, so would the original 
series be special, and the highest number it can impose on any 
special adjoint is N—r by Riemann-Roch. Hence the Kth 
multiple is not special or 


Let 


N—-rg=p 
p<K(N—1)—-*E PY 1) (2) 
p<xk|w—)—S)¢—n]. (3) 


Theorem 12] If a curve of genus p contain a g’, with no fixed 
points, r > 1, 
p<k|w—)—S Dea] Nol ee en 
2 r—1 r—l 
It is clear that this inequality can be turned around in 
various ways.* 


Suppose that the smallest multiple of a g%, which is not special 
is the Ath, 


From (2) 2h(N —1)— 

Sea yaar 

Since the (h—1)th multiple is special, 
(4—1)N < 2(p—1) 


2(p—1) 
h Sse 


We have a function of 4 which dominates 7. The derivative 
to h is positive if 
h(h+-1)(N—1)—[h(N—1)—h](2h+1) > 0 
2p > (N—1h—1) +1). 


* Cf. Comesati. 


cL 


F 
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This can be written 


2(p—1) alee ad 
Po > bn) CE 


But we know 
2(p—1 
ae 2 (h—1). 


Hence the dominating function increases with h right up to 
its limit. If, therefore, we pick out such an integer p that 


qt S er 

eats (5) 

Theorem 13] An upper au for the dimension of a series of 
order N with no fixed points on a curve of genus p is 
2[pN—1)—p] = 2(p—1) 2(p—1) 

arene Nets eye 
Let us try to turn things about so as to get a lower limit for 
N when ¢ and » are given. We have from (2) 


ae 


r++. 


But N< esi br ai 
a 


Pp 
eh) Se, 
(7 is 


K(K+)) Sy 
2 a 


Let us write 
N SOE —1 4241 h<kK. 


This decreases as h increases as long as 


enon. Pane) <P < a(r+1), (6) 


weet) o—1+241. (7) 


— Ne eee 
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Theorem 14] A lower limit for the order of a series with no 
fixed points of dimension r on a curve of genus p ws ! 


N Si Salard @r—1)+ 241 r(7—1) ues <1(7+i). 
2 T p—I 


Consider, in particular, r= 2, 


N> Saas 


+241 a(t—1) < 2p <2(r+1) 


1+~v8p+1 pl sata tt. 


9 To ae 


Tf the curve be non-singular so that 


= (n—1)(n—2) 
TS n—2, 
n—1 , (n—1)(n—2) = 
Ri 2(n—2) Sapa 


Theorem 15] If a curve have no singular point, the lowest 
possible order for a series of dimension 2 is the order of the 
curve. 

This is also evident because if it were possible to have a series 
of dimension 2 and lower order, we might transform the curve 
into another of lower order, but every curve of lower order will 
certainly have a lesser genus. 

Our determination of the number of gi,’s on a curve of genus 
p was limited to non-special series. It is time to take up the 
case of special series also. Looking at the problem as one in 
the projective geometry of higher space, we have a space of 
p—1 dimensions carrying a curve of order 2p—2. Suppose that 
a (n—r)-parameter system of hyperplanes cuts this curve in NV 
variable points. By the Riemann-Roch theorem one of the 
groups will impose N —r conditions on a hyperplane, so they will 
all lie in a space of N—r—1 dimensions that meets our curve 
N times. We know by the reasoning on page 266 that every 
space of this number of dimensions that meets the curve N’ < N 
times will not, necessarily, meet it N times.* To require a space 


* This assumption is tacitly made in most discussions of the problem as - 


: 
¥ 
\ 
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of N —r—1 dimensions, in one of p— 1 dimensions, to go through 
a given point amounts to requiring p—N--r hyperplanes to go 
through there, and imposes that number of restrictions. To 
require it to meet a given curve will impose one less restriction; 
to require it to meet the curve N times, wnder our present 
assumption, will impose N[(p—1)—(N—r)] conditions. The 
spaces of N—r—1 dimensions in a space of y—1 dimensions 
depend on (N—r)[(p—1)—(N—r—1)] parameters; hence, the 
number of parameters going with those which meet it N times is 
r(N—r)—rp+WN. The series being complete, each group belongs 
to but one of these hyperplanes, but there are oo” groups in the 
series. Hence, the series depends on (r+1)(N—r)—rp para- 
meters. 

There remain the non-complete series. Suppose that such a 
series has the index of specialization 7. The number of gi’s 
through a group will be the number of linearly independent 
spaces of r dimensions in a space of N—p-2 dimensions, i.e. 
(r+1)(N—p+i—r). We have seen that the number of para- 
meters on which a complete gN-”+* depends is 


(p—1)(N—p+i+1)—p(N—p-+?). 
The g%’s are included in these, but no gi, is in more than one. 
Hence, the number of parameters determining the incomplete 
gy is 
(N—p+i+1)(p—t)—p(N—pt+i)+ (r+ (VN —ptt—7) 
= (r+1)(N—r)—ip—uN—p+i—7). 


This number is not greater than the number for the complete 

series, hence 
_ Theorem 16] Jn a curve of genus p the special g’y’s will depend 
on (r+1)(N—r)—rp parameters. 

This theorem leads at once to the solution of the problem of 
finding the lowest order of curve to which a general curve of 
genus p can be birationally transformed. By Riemann-Roch, 
Or 7 —)2 aie ees 


e.g. Brill and Néther. The only complete discussion I have seen is Severi- 
Léffler, pp. 380-90. It is involved, and too long to reproduce here. 
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so that we shall have the minimum order when the series cut 
by straight lines is special. Let 

(r+1)(N—2)>rp 4 


3(N —2) > 2p 
3N > 2p+3 
p= 3p N= 2p+1 


p= 3p—1 N = 2p+2 
p=3p+1 N=2%+3 
p=3pt+2 N=29+4. : 
Theorem 18] If a curve have the restriction imposed in theorem - 
17], the lowest order of any curve to which it can be birationally 
transformed is 
Pp = 3p m= 2p+1 
p=3p—-1 n=2%»+2 
p= 3p+1 n= 2p+3 
p=3pt2 n=2%»+4, 


CHAPTER V 
CURVES OF SPECIAL TYPE 


§ 1. Curves containing series of given sort 
THE inequalities given at the close of the last chapter show that 
if a base curve be given, it may, or may not, contain series of 
given description. It is our next task to find properties of curves 
which do contain assigned series. 

Suppose that a curve contain a g} and a g},, neither with 
a fixed point, and with no common linear series of dimension 
greater than 0. Hach series gives rise to a correspondence of 
value 1, hence the pairs of points in the same group in both 
series are the points of coincidence in a correspondence of value 
—1l. The number of these pairs is, thus, 


(NV —1)(M—1)+(M—1)(N—1)— 2p] = (N—1)(M—1)—p. (1) 


If the two series have a common group of k points, this will 
k(k—1) 


count for pairs. Let the two series be cut by 


Xo¢itX1¢2= 0 Xt, +X_ p= 0, 


where the curves ¢, and , pass through the group of & points. 
Eliminating x and y between these and the equation of the base 


curve, we get Fit ed wean’, 


a curve birationally related to the original one. We should 
expect from theorem 11] of Book I, Ch. I, that the order of this 
curve would be N-+M, but the resultant is reducible; each of 
the k common points gives X, as a factor of the new curve, and 
a moment’s calculation shows that it gives it only once. The 
order will, then, be N-+-M—k. When X, and X, are given there 
are N points (x,y), and so N values X,; when X, and X, are 
given there are M points (x,y), and so M values X,. 

Theorem 1] A curve which contains two one-dimensional series 
of orders N and M with no common linear serves of dimension 1, 
but with a common group of k points, may be birationally trans- 
formed into. a curve of order N+M—k with a point of order 
M_—k, and one of order N—k. 
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We can always assume N= M=p, and k= 2, so that we 
can always transform birationally into a curve of order 2p—2 
with two points of multiplicity p—2. However, there are better 
ways to proceed. Suppose that our curve is of genus above 2 
and is not hyperelliptic. We may find thereon a group of p+1 
points which is not special, and a second non-special group 
sharing p with the first. 

Theorem 2] A curve of genus greater than 2 which is not hyper- 
elliptic may be transformed birationally into a curve of order p+ 2. 


§ 2. Elliptic curves 
A curve of genus 1 is defined as elliptic. If we take two random > 
points, the dimension of their complete series is 1, for a curve 
with a g3 contains a gj, and so is rational. We get from 1]: 

Theorem 3] An elliptic curve may always be birationally trans- 
formed into a non-singular cubic. 

Let us seek a canonical form for the equation of a cubic curve. 
By Pliicker’s equations of Book I, Ch. VII, it has nine inflexions. 
By Book I, Ch. II, theorem 19], corollary 5, a line connecting 
two inflexions passes through a third. Klein’s equation of 
Book I, Ch. VII, shows that just three of these must be real 
for a real curve. The line connecting two conjugate imaginary 
inflexions will be real, and meet the cubic again in a real in- 
flexion. There are three real inflexions by Klein’s equation. 
They lie on a real line. Through each real inflexion will pass 
four lines to pairs of other inflexions. These lines are real, or con- 
jugate imaginary in pairs. We know that one is real, that to the 
other two real inflexions, hence another is real also; so here are 
three real lines each with one real and two conjugate imaginary 
inflexions, 

The conic polar of a point on a cubic is easily shown to be 
the locus of points harmonically separated from the given point 
by pairs of points of the curve. The conic polar of an inflexion 
is the inflexional tangent, and the polar of the inflexion with 
regard to a pair of lines containing each three other inflexions. 
If, thus, /,, /,, and J, be three real lines each with one real and 
two imaginary inflexions, the conic polars of all points on 1, pass 
through the intersection of J, and 1;, and as this is not on the 
curve its line polar is /,; 1, does not go through there, the three ©. 
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are not concurrent, and may be taken as sides of the coordinate 
triangle. The line polar of each vertex is now the opposite side 
of the triangle, and the equation of the curve is seen to be* 


04? + Ag? + agxr33+ bar xoas = 0. 
Putting 7, =Va,x3, 
3 
3+ a3-+-23—6mx,7,%, = 0. (2) 


Suppose that A and B are any two points of the cubic, the 
line AB meeting the curve again at C. Let C7’ touch the curve 
at 7. A line through A shall meet the curve again in A,, A,. 
The lines 7'A,, 7'A, shall meet it again in B,, B, respectively. 
The group 7'7'+ A,A, is residual to A+C, as is also B. Hence 
B,, B,, which are residual to 7’, 7’, A,, A,, are residual to B, or 
B,B,, B, are collinear. We thus have a one-to-one algebraic rela- 
tion between the lines through A and B, i.e. a projective 
relation, and the tangents from A correspond to the tangents 
from B. This gives 

Theorem 4] The cross ratio of four tangents to a non-singular 
cubic from a point of that curve vs the same for all points of the 
curve. 

It is clear that it is possible to express this cross ratio in 
terms of the coefficient m that appeared in equation (2). The 
work is tedious, but it is found that if r be one of these cross 


ratios, { (r2—r-+1)8 _-:16(m+m+4)8 (3) 
(FE T)(r—2)"(2r—1)e— (1+ 20m — 8m)?" 


The lines through a point of the cubic cut a g}. This is the 
only sort of g} that the curve has, for a point residual to one 
pair of a g} is residual to all, or all pairs are collinear with the 
same point. Every birational transformation will carry a g} into 
another. 

Theorem 5] An elliptic curve has but one independent modulus, 
a cross ratio determined by four double points of a g}. 

A gi gives an involutory transformation of the curve into 
itself. The product of two of these is a one-to-one transforma- 
tion of the curve into itself, depending on a correspondence of 
value —1. We shall call these, temporarily, “product trans- 


* Cf, White. + Cf. Salmon’, p. 274. t Cf. White, p. 73. 
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formations’. They are not involutory, as we shall see more 
clearly in a subsequent chapter. 

Suppose that we have a birational transformation of the cubic 
that carries A to A’. It will carry the single g} with A as a 
double point, into the single g}, with A’ as a double point, so 
that lines through the point J collinear with AA will be carried 
projectively into lines through the point I’ collinear with A’A’, 
and the four tangents at J go to the four tangents at I’. Since 
the line JA corresponds to [’A’ and the cross ratios are equal, 
the relation between the two tetrads is uniquely determined, 
unless the four tangents form a harmonic or equi-harmonic set. 


Excluding these cases, when we know that A goes to A’, and 


so I to I’, if another line through J meet the curve in B,B, 
and the corresponding line through I’ meet it in BiB, our 
transformation will be completely determined when we know 
whether B, goes to B, or to By. Now we can find an involutory 
transformation to accomplish one of these results, and a product 
one to accomplish the other, whence we get 

Theorem 6] If an elliptic curve be neither harmonic nor equi- 
harmonic, the only birational transformations which carry it into 
itself are involutory ones and product ones. 

The product of two product transformations is a birational 
transformation of value —1 and so a product transformation. 
They form a continuous group, and this group depends on one 
parameter giving the fate of a chosen point. 

Theorem 7] The product transformations of an elliptic curve 
which is neither harmonic nor equi-harmonic into itself form a 
continuous one-parameter group. 

In a later chapter we shall express the coordinates of the 
points of a cubic curve in terms of an auxiliary parameter by 
means of elliptic functions. We shall there get a very simple 
expression for these two kinds of transformations in terms of 
elliptic functions. It will appear at once that two product trans- 
formations are commutative, but two involutory ones are not. 

There are special cubic curves which permit of other birational 
transformations into themselves; we shall see an example in 
a later chapter.* 


* The literature of birational transformations of cubic curves is large. See 
‘Topics’ chs. vii and xv, and Segre?. 
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§ 3. Hyperelliptic curves 
The characteristic property of a hyperelliptic curve is that it 
has a genus greater than 1, yet contains a g} which must be 
complete and special, for if there be a g3 there will be a gi, and 
this characterizes a rational curve. If we take p+2 points in 
general position, no two being mates in the g}, by the Riemann- 
Roch theorem, they characterize a g?,. by means of which the 
curve may be transformed birationally into a hyperelliptic curve 
of order p+2. There must be some singular points in order to 
have a genus p. If such a point be of order r, the lines through 
it will cut a g},,_,, which must be special; hence the mate of 
every point in the g} must be on the line to this point, or there 
is only one distinct singularity. Let this be the end of the y-axis, 
and let the g},, be cut by the pencil of curves 
0, (x,y) +x’ 8,(a, y) = 0. 

When == eh , for only two intersections with the base curve 
depend on 2’, and these have the same x. For y we have 

bo(x' )y? + 24, (x y+ $o(x') = 0. (4) 
The number of values of x’ for which two of the y’s fall together 
is 2n+-2, hence the degree of this equation must be p+2. When 
zx’ is given there are but two y’s, hence there is a point of order 
p at the end of the y-axis, and there can be no other singularities, 
since the genus is p. 

Theorem 8] A hyperelliptic curve of genus p can be birationally 
transformed into a curve of order p+ 2 with a single singular point 
of order p. 

We can transform our curve (4) to a simpler one in the 
following fashion: 


y= afMe4 hee )y? + 264 (x eae (x')] 
= —$4(w eh + [bx (0’ 
" Tas (5) 
Theorem 9] A hyperelliptic curve of genus p can be birationally 
transformed into a curve with an equation of the type 


y = fop+2(2’). (5) 


3781 x 


vy UU 
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This curve is of higher degree than (4) but simpler equation. 
It has a point of multiplicity 2p at the end of the y-axis, and 
a number of other singularities clustering infinitely near, for 
there are no singularities at a finite distance, as, if there were, 
(4) would have such. | 

Theorem 10] A hyperelliptic curve of genus p may be bi- 
rationally transformed into a curve of order 2p+-2 with a point of 
multiplicity 2p, and p double points clustering close to it. 

Let us seek the power-series development of our curve in the 
vicinity of the singular point by the methods of Book II, Ch. II. 
Using homogeneous coordinates, 


Y = fonso(%, Z) = Ayu??? + ayx?P tz... 
ua yP 2 2'7/PH ofa 1 
2'2P — a,ta,z'x'+... 


1 1 
2’ = (Nay)Ptaw’+... 2 = (—WVay)P+f,a'+... 
1 pti 1 pti 
2=(Va,)eu Pp +... 2=(—Vay)Px p +... 


1 
c=, z=(Va,)rptPH4+... x=, a ee 6] 
Theorem 11] If a hyperelliptic curve of genus p be birationally 
transformed to the form 
y? = fen+o(X), 
there are at the singular point two branches of order p and class 1.* 
The degree of our equation (5) may be slightly reduced as 
follows. The polynomial f has only simple roots, as we saw a 
few lines back. If a be one of these, and we write 


en ey wach y’ 
if x Yawn Wey es 1 @—oypa 
Y= then is(2’). (7) « 


Theorem 12] A hyperelliptic curve of genus may be bi- 
rationally transformed into a curve of the form 


y? aa Pon+1(X). (7) 
This seems, on the whole, less useful than (5); the essential 
difference is that in the case of (5) the double points of the g} 
are the intersections with the x-axis, but in the case of (7) there 
is one at infinity. 
* Cf. Severi-Léffler, p- 148, 
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When three of the vertical tangents to (5) are known, the 
others are given by the cross ratios they make with these three. 

Theorem 13] A hyperelliptic curve of genus p has 2p—1 moduli. 

We could not have a hyperelliptic curve of genus » whose 
order was less than p-+2, for the series cut by all lines in the 
plane would be special, but a general line through a point of 
the curve cannot connect it with its mate in the g}. Suppose 
that the order is n, and that there are only ordinary singular 
points. We seek the class of the envelope of lines connecting 
pairs of the g}. To find the number of tangents through an 
arbitrary point we must find the number of pairs of the g} which 
are in a group of the g} cut by radiating lines through an 
arbitrary point. The number we find at once by Chasles- 
Cayley-Brill. 

Theorem 14] If a hyperelliptic curve have only ordinary singu- 
lar points, the class of the envelope of lines connecting pairs of 
of the g} is n—p—1. 

Suppose that the system of adjoints which cuts the g} is 

do(%, y) +td,(x, y) = 0. 
If we eliminate y between this and the equation of the curve, 


we get a reducible equation in x, the first part, dependent on 
t, will be quadratic in 2. 
P(t)x?-+2Q(t)e+ R(t) = 0. 
The symmetric functions of the roots are rational in ¢, as also 
the coefficients in the equation of the line connecting the two 


areee 
points Uy = U;(t). 


We may generate our curve in the following fashion. Let a 
special adjoint ¢ cut the curve in pairs of points A,Aj, A,A).... 
Let A,A; be on 


U, = u,(t). 
Then ud is an adjoint of order n—2 meeting f in n—2 other 
points. They, with the points A,Aj,A,A)..., are residual to 
one group of our g}, hence there is a pencil of adjoints of order 
n—2 through these last points, and the group of n—2 cutting 
our g}. Such a pencil may be written 

up—px = 0. 
* Cf. Bobek, pp. 390 ff. 

x2 
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Let 6, be a conic meeting f in A,Aj and again in 2(n—1) points 
through which we can pass a pencil of adjoints of order n—1: 


0.—pp = 0. 
Whence we have f=ub—4x, 
enabling us to study the generation of f by sets of lines and 
conics. 


§ 4. Polygonal curves 
A curve containing a g} is rational, if it contain a g} it is rational, 
elliptic, or hyperelliptic. 

Definition. A curve is said to be ‘k-gonal’ if it contain a g} 
all points variable but no series of dimension 1 and lower order. 
If the series be not special we must have k= p+1. The g} is 
surely complete, for if there were a gj there would be a g}_, 
contrary to definition. It is also special, for if k=p+1 by 
fixing p—2 points of a special adjoint, we should get a gi. 

Theorem 15] A defining series for a polygonal curve is special 
and complete. 

A group of the gi imposes k—1 conditions on a special 
adjoint, so that all special adjoints through k—1 points of a 
group pass through the last one. We may, however, find k—2 
points of a group which impose independent conditions, and 
these, with p—k-+-2 arbitrary points, will determine a g!. We 
get from 1] 

Theorem 16] A k-gonal curve may be birationally transformed 
ito a curve of order p+2 with a point of multiplicity p—k-+2. 
The gk, will be cut by lines through this point. 

Suppose that a curve is k-gonal, and that it has an adjoint 
of order n—k—1. The Riemann-Roch theorem tells us that 
a group of our gj, imposes k+-1 conditions on a special adjoint. 
Let us take two points in one of these groups, and pass a line 
through them, and a line in arbitrary direction through each of 
k—3 others of the k points. These k—2 lines, with the line 
through 2 and the particular adjoint, will make an adjoint of 
order n—3 through all but one of the & points, hence through 
all k, and they must lie on a line. 

Theorem 17] If a k-gonal curve of order n have an adjoint 
curve of order n—k—1, then the points of each group are collinear.* 

* Cf. Amodeo!. 
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If the k-gonal curve had a special adjoint of order n—k—2, 
it certainly has plenty of order n—k—1. The curve of order 
n—k—2 and k—1 arbitrary lines, one through each point of 
a group, would have to go through the remaining variable point; 
an absurd conclusion. 

Theorem 18] A k-gonal curve cannot have an adjoint of order 
n—k—2. 

Suppose there is more than one adjoint of order n—k—1, 
Le. an infinite number of them. The curve of this system 
through a generic point and k—2 lines in arbitrary directions 
through as many other points of the group of k would give, 
with the adjoint of order n—k—1, a special adjoint through all 
but one of the & points, hence through the last, i.e. all must 
lie on the adjoint of order n—k—1. 

Theorem 19] Jf a k-gonal curve contain an infinite number of 
adjoints of order n—k—1, the gi will be cut by a pencil of such 
adjoints. 

There has been a good deal of study of the moduli of k-gonal 
curves, but to pursue it would lead us too far.* 

If a curve of order m have a multiple point of order n—k it 
certainly has a gj. Its genus will be greater if it have no other 
singular points than if it have one. Its polygonality could not 
be k’ <k, for then although there can be no special adjoints of 
order n—k’—2, yet there are some of order »—k—1, a contra- 
diction. Our curve is k-gonal. 

Conversely, suppose we have a k-gonal curve of this order 
and genus. It cannot have a singularity of order greater than 
n—k, and the conditions for an adjoint of order n—k—1 are not 
incompatible. The points of a group of k are thus collinear 
by 17]. 

Let the g} be cut by the pencil 

b = toi tts bo. 
The group cut by ¢, shall be on a line /,, that cut by the general 
¢ on a line J. Since ¢,/ contains all the variable intersections 
of f and ¢, we have, by Nother’s Fundamental Theorem 3], 


Book IT, Ch. IV, xl, ¢ Ze. pl, + Of. 
The parameter ¢,:f, appears linearly on the left, hence it will 


* Cf. Castelnuovo! and Segre, Beniamino’. 
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appear linearly on the right, or we have a pencil of lines. The 
lines J have only k variable intersections with f since the curves 
¢ only have that number, hence they pass through a fixed point 
of order n—k. 

Theorem 20] The necessary and sufficient condition that a 
k-gonal curve of order n should have the maximum compatible 
genus is that it should have a multiple point of order n— oes and 
no other singularities.* 


§ 5. ®-curves 
a ea that we have a curve of genus yp. The canonical series 


is a g?>1,. There will be a certain number of special adjoints ~ 


which touch the base curve simply at »—1 points or, as a special 
case of this, more elaborately in fewer points; there are no 
simple intersections except at the singularities. We determine 
the number of these from the De Jonquiéres formula at the end 
of Ch, IIT: pont ky = hy =... =k, = 2 
all 
oe, =p—1 1 ee aw = 2P-%, ote, 
vf ok; 


Substituting, we get 
2P-"p! A ee 


(p—1)!| 1 2 nae 
ae pi Peale 
sox 2 '|p.2” Sonar oy 
= 2P-1[97 _(2—1)?] = 2-127 _]]. (8) 


Theorem 21] The number of groups of the canonical series 
which consist in p—1 pairs of adjacent points or the equivalent 
1s, in general,t 2°-1[2P —1]. 

A special adjoint which bears this relation to the base curve 
is called a ®-curve. In some cases 21] does not hold, for there 
are an infinite number of curves. These cases deserve further 
study.{ If the base curve have a one-parameter family of ®- 
curves, every curve of the type 


AD+p[O+AV] = 0 
will be a special adjoint through the intersections of ® and 


* Cf. Kupper, pp. 60 ff. + Cf. Weber’, p. 38. 
{ Cf. Kraus, pp. 246 ff. 
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®+A®. If the parameter on which the curves depend be t, the 


pencil of curves am 


will pass through the p—1 points of contact of ® with the base 
curve. We have also, by Nother’s fundamental theorem 3] of 
Book IT, Ch. IV, 


om |? 
Porn Sy] =W +0; 
here ©’ must be a special adjoint tangent to f where the latter 
meets rO+ pS. In other words, ®’ must be a ® of our one- 


parameter system, and by a proper choice of A:~ we may get 
any curve of the system this way. This gives a very pretty result. 
Theorem 22] Jf a base curve have a one-parameter system of 
O-curves, the points of contact of any two are a group of the 
canonical series. 
Take an arbitrary curve of the pencil 


oO 


and let / be an arbitrary line. Through the points of contact 
with f, and through n—3 of the intersections with 1, we may 
pass oo? adjoints of order n—2 cutting a g?,,. Of these, oo! will 
consist in J and the adjoints of the pencil above. We may thus 
transform the curve into one of order p-+-2 with a pencil of lines 
meeting it in only p—1 variable points, i.e. with a triple point. 
Consider any line through this point. There will be a pencil of 
adjoints of order p—1 through its p—1 variable intersections 
with the curve, and one curve of the pencil will consist in that 
line and a curve of order p—2. But the residual group is also 
a set of p—1 collinear points, hence the curve of order p—2 is 
that other line and a curve of order p—3 which is adjoint 
except, perhaps, for the triple point. 

Theorem 23] If a curve of genus p have an infinite number of 
O-curves it may be birationally transformed into a curve of order 
p+2 with a triple point and the equivalent of a. other 
double points. These lie on a curve of order p—3 which acts as 
an adjoint at each of these singularities. 
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Conversely, it is evident that such a curve is of the desired 
sort, for the curve of order p—3 and a line through the triple 
point counted twice gives us just the group we want. 

Theorem 24] Jf a curve have an infinite number of O-curves, 
its genus must be at least 3. 

The simplest curve of this sort is a quintic with a triple point. 
The canonical series is cut by a pair of lines through the triple 
point. 

Suppose we have an s-parameter system of ®-curves, s > 1. 
The index of specialization of a group of contacts will be at 


least s+-1; we may pass a two-parameter system of special 


adjoints through one of our sets of p—1 points, and s—2 other 
arbitrary points, cutting the base curve in a g?,». 

Theorem 25] If a curve possess an s-parameter family of ®- 
curves where s > 1, it may be birationally transformed into a curve 
of order p—s-+-1 and genus p. 


§ 6. Reducible curves 

In all our work in the present chapter we have assumed that 
our base curve is irreducible. The study of series on a reducible 
curve is worth some attention.* Suppose, first, our base curve 
consists in two curves f,,f, of orders n,,n. and genera p, and py, 
respectively. Let a common singular point have the multi- 
plicities of s,;, 8.; for the two, while the multiplicities of not 
common singular points shall be r,;, 7,;. An adjoint of the com- 
bined reducible curve must have at least the multiplicities 
Sy; +8;—1, 74,—1, r2;—1. It may be written 


$= befittrhr, ea kd 
where 7, and #, are adjoints of the corresponding curves fy, fo. 
Theorem 26] Every adjoint of order n of a reducible curve f, fo 
b it 
can be written $= def, tai fe 


where x, 1s an adjoint of order n—n, of f,, and , an adjoint of 
order n—n, Of fo. 


Theorem 27] LHvery special adjoint for a reducible curve f, fo 


can be written 
$= bofitdile, 
where , 1s a special adjoint to f,, and ¢, is a special adjoint to fy. 


* For an extended study see Nother’. 
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Let us define p the genus of the reducible curve as we have 
defined genus for an irreducible one. We have, then, 


eS ast ees ye > pa oA > ne 


(n Sate) — > PenPai Pail pe = OS 29;(2;— 1) 


P2= 9 


2 a ae +n,—2) Pri(Pu—1) P2i(P2i— 1) 
petals) Salo 9 aD 


aS > (Gy; )(O;++02:—1) 
2 
P= Pt P.—1+NyNn2— D, 04,02; = Py t+ P2—1. (10) 

This number is clearly an invariant for birational transforma- 
tions; it will, by the last theorem, give us the number of linearly 
independent special adjoints. 

The fundamental residuation theorems are based upon 
Nother’s fundamental theorem, which holds equally for re- 
ducible and irreducible curves. For a non-special complete 
series cut by the adjoints y,, ps, 

N=N,+N, r=14+7,=N,—p,t+N,—p, p—l1=p\+p.—2 
N—r=p-—l. (11) 

Theorem 28] Jf a reducible curve consist in two irreducible 
parts, the difference between the order and dimension of a complete 
non-special series 1s one more than the genus. 

Theorem 29] Jf a reducible rae consist in two irreducible 
parts, the canonical series 1s a Tee 2° 

Consider a special series of order N,+ No. 

Ni—"=2Pi-4 No—1, = Po—te i—1=%,—14%,—1 
Gr l= p,-p,  N-t—p+l—(+=—p—t. ~ (12) 

Riemann-Roch Theorem 30] The difference between the order 
and dimension of a complete special series is equal to the genus of 
the curve less the index of specialization. 

It is perfectly easy to generalize these results to the case of 
a curve which is reducible and composed of s irreducible factors, 


all different. 
Theorem 31] If a curve f be made up of s irreducible factors 


at i a 
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fifo: Of orders nj, Ng... and genera p,, Po..., and if the genus of the 
combined curve be defined as for an irreducible one, then 
a) The order of the combined curve is the sum of the orders of 
the factors. 
b) The genus of the combined curve is the sum of the genera of 
the factors less s. 
c) The general form for an adjoint 1s 
b=fileLe > (13) 
é 


where ys; is an adjoint to the curve f;. 


d) The difference between the order and dimension of a complete * 


non-special series is p-+-s. 
e) The canonical series is a complete g?, 1». 
f) The difference between the order and dimension of a complete 
special series is equal to the genus less the index of specialization. 
Theorem 32] A necessary and sufficient condition that a curve 
should be irreducible is that the Riemann-Roch theorem should 
apply to non-special as well as to special series. 


CHAPTER VI 


NON-LINEAR SERIES OF GROUPS OF 
POINTS ON A CURVE 


§ 1. General theorems about series 

THE systems of groups of points on a base curve which we have 
studied, so far, have all been linear systems. There are, ob- 
viously, other types of algebraic series, and it is our purpose in 
the present chapter to find some theorems about them. 

A group of points on a curve will not, necessarily, be the total 
intersection with another curve. A necessary condition for this 
situation is that the number of points on the curve, when 
multiplicities are rightly counted, be divisible by the order of 
the curve. The number of points in a generic group shall still 
be called its order, the number of parameters its ‘dimension’; 
a series of order N and dimension r shall be written as yy; we 
shall use the notation gi, only when the series is linear. The 
number of groups to which r generic points of the base curve 
belong is called the ‘index’, a number which is unity for a linear 
series. If every group which contains a generic point P, neces- 
sarily goes through »—1 other points P,, P;,...,P,, variable with 
the first, then every group which contains P, must also contain 
P,, as otherwise P,,P, would impose two conditions, not one. 
Such a series shall be called, as before, an ‘involution’. When 
pp = | the given series is said to be ‘simple’. If the equation of 


h 
the base curve be fle,y) = 0, 
we may imagine the groups of the series cut by the variable 
a ig bol, y) = fre. y) =... = 0 
Hea t= ,,,== 0, 


The equations %,—=0, %,=0 are supposed to involve the 
otherwise arbitrary coefficients of the curves ¢. If our series be 
irreducible, we may suppose each of the polynomials indicated 
is irreducible. We may assume that no two curves ¢ have the 
same fixed infinite points, and that the axes are so directed 
that, usually, no two points of the same group have the same 
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abscissae. Eliminating y between f and the various curves ¢, 
we have (8) te) = 

Let the highest common factor of these be 0(x) after fixed 
common roots have been divided out. Each root of 6(x) will 


give but one point of the group, in general. We may determine 
our system of groups by the equations 


f(@,y)=9 Oa)=0 — r(x)+ys(x) = 9, 
or, more generally, 
f(x,y) = 0 Fi (x,y) =9 F,(x,y) = 0 
bo=th=..=0. 

The equations y%, as before, involve the coefficients of F, and 
F,. By adding, if needful, factors with constant coefficients to 
the one or the other, we may make them both of degree v. 
Their coefficients will correspond to points of an algebraic 
v(v 


; A ; : a) tas 5 
variety of r dimensions, in a space of 5 ) dimensions. We 


get from Book I, Ch. I, theorem 15], the fact that these co- 
ordinates in F’, and F,, can, be rationally expressed in terms of 
r-+-1 parameters, independent except for the fact that they are 
connected by one polynomial equation. Expressing them so, 
and substituting, we get the canonical form for the equations 
of our series 


f(@, y) = F(x, Yy, Koss 4A,) ae F(x, Yy, Xo; X,) 

Be 1X ooiccn hy) SOD 
§ 2. Series of index 1 
A linear series is of index 1. It seems natural to suppose that, 
conversely, a series which is algebraic, and of index 1, is neces- 
sarily linear. This is, as a matter of fact, usually the case, but 
there are exceptions. Here is an example. A linear series of 
dimension 1 is rational and its groups are in one-to-one corre- 
spondence with the points of a line, or of any rational curve. 
Suppose we have a space curve whose genus is not 0 (i.e. a plane 
curve in one-to-one algebraic correspondence therewith is not 
rational). A quartic curve, the complete intersection of two 
quadric surfaces nowhere tangent to one another, is an excellent 
example, This can be projected into a binodal plane quartic, 
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so that its genus is 1. Let the tangents to this space curve meet 
some other quadric in a curve whereon they determine a y}, 
and this will be of index 1 for, through a point of the new curve 
will usually pass but one tangent to the quartic. So on this 
space curve, or a plane curve to which it may be projected, we 
have a y3 of index 1, which is not a g}, as then its groups would 
be in one-to-one correspondence with the points of a line, not 
with those of a curve of genus 1. 

Suppose that we have a y\, of index 1 on a rational curve. 
We may transform birationally so that the curve of genus 1 is 
the x-axis: 

P(e, x, y') = F(x, x, y') = fe, y') = 0. 
Here f’ must be the resultant of these two equations in 2. 
Since there is but one group for each x, 
laa P(@) . 
q(x) 
Hence our series is cut by the pencil 


a’q(x)—p(x) = 0. 
Theorem 1] A series of dimension and index 1 on a rational 
curve is linear. : 
Suppose, next, that we have a 4, of index 1 which is rational. 
We may write it 


fe,y) = Fyw,y, 1) = Fale,y, T) = 0. 


f must be a factor of the resultant of these two, and since there 
is but one 7’ for each point on f, 


paT@&Y) — 1Q@,y)—P(e,y) =0. 
Q(x, y) 

Theorem 2] A rational series of index and dimension 1 is linear. 

Theorem 3] If a one-parameter system of series of dimension 
and index 1 be given, each series is linear. 

We shall prove this theorem early in the next chapter. The 
proof involves the use of Abelian integrals and had better be 
postponed till then. Let us pause to notice one interesting 
result. Suppose that on an algebraic surface 


F(X,Y,Z)=0 


eT SO 


318 NON-LINEAR SERIES OF POINTS ON A CURVE Book III 


we have a one-parameter system of curves 
_PU,V.ay) y_OU.V.ny)  7_ RU,V, ay) 
— S(0,V,2%,y) S(U, V,a,y) S(U,V,2,y) 


F(U,V) =fle,y) =0. 


Here x and y are fixed for each curve of the system. Suppose, 
further, each two curves of the system meet in one, and only 
one, variable point. Each point on the surface will give a finite 
number of curves, and so of points on f, so that f carries a y2,. 
Residual to any point on f= 0 will be a y)_,, which by 3] is. 
a gi_,, and so is rational. Hence the curves on F are. 

Theorem 4] If an algebraic surface in three-dimensional space 
have a one-parameter family of algebraic curves, each two of which 
intersect in but one variable point, those curves are rational. 

Suppose now, we have a y, of index 1. When any point is 
fixed we have a y}_, of index 1 and, as there is a continuous 
system, a g_,. Let P,, P, be a generic pair cut by a curve ¢, 
while Q,, Q. are a fixed pair cut by a curve %. Let 4, be another 
curve through Q,, and ¢, another curve through Q,. Then Q, P, 
will be cut by 16-+md¢,, and Q, P, by l’d-++-m'd,. There are two 
different ways of expressing the curve which cuts P, Q,: 


peta, mb+rs(l’p-+m'd,). 
Hence 6 = Lb+Md,+Ne,, 


or yx traces a linear system of curves. 

More generally, suppose we have a yx of index 1. Let 
P,, P,,...,P, be a generic group cut by the variable curve ¢. 
Let Q,, Q, be two fixed points common to all the fixed curves 
$3) Pay) Poy The system Q,, P,,...,P. will be an (r—1)-para- 
meter system of index 1 and so a gi!,, and the same holds 
Ea) SOT ANS OY Senay 2a 

Let Q1, P,, P,....P, be cut by A, PAs bgt. tAnsa Ppa: 

Let Q2, P,, Ps,...,P, be cut by pypo+ps Patt brs Pris: 

If P, be fixed, the general curve through Q,,P, would arise 
from an (r—2)-parameter sub-set of the first, and the general 
curve through P, from a linear combination of this and op. 
Identifying this with a curve of the other set, we get 


$ = py byt Pp2ttotps bgt... + Prt Pest: 


- 
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Theorem 5] Every algebraic series of index 1 and dimension 
greater than 1 is linear.* 


§ 3. Groups common to a y}, and a gf, 


In the third chapter of the present book we determined the 
number of groups of r+-1 points common to a group of a g4, 
and a group of a gy. We can extend the result to a y}, of index 
v as follows. Let the number sought be ¢(M, 1,v, N,r). Let P be 
a general point of our curve, Q one of the »(M—1) residual 
points in y4,. Choose out r of these in one group of M; they 
will determine one group of the g%,, cutting also in points P’, 


so that to P will correspond tee ney —r) points P’. Con- 


versely, when P’ is chosen, there are ¢[M, 1, v, (N—1), (r—1)] 
groups of r points Q, and (M—r)4[M, 1, v, (N—1), (r—1)] points 
P. Lastly, to each P corresponds v(M—1) points Q, each lying in 
eo) groups of gi. The correspondence from P to P’ with 
eo) times the correspondence from P to Q will give a corre- 


spondence of value 0. The coincidences of this are the coinci- 
dences sought plus the double points, let us say d in number, 


) times. We thus get 


of y4,, each counted ( Nia 
»(¥ ~'\—r) + (M—2)6(, 1, (W—1), (1+ 
+2(M—1)(7-1) 
M—2 
= (r+1)¢(M, 5 Vv; iV; r)+( r—l Ja. 


This equation is identical in form with that in the first section 
of the third chapter of the present book, except that we have 


aca Mol M—2 
replaced ae \(v—r) by v( , \(v—n), (MWC. 4 ) by 
2(M—1(7_,), and 2(M+p—1l) by d. Hence we get from 


equation (4) of that section 


* Cf. Castelnuovo’. 


- Fa we 
s 
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Theorem 6] The number of growps of r+1 points common to 
a group of a y\, of index v which has d coincidences, and a g’y, 18* 
M—1 M—2 

No( r )-34(7 (2) 

By an extension of the same methods we could find the 

number of groups of M-+p points common to a group of a v4, 

and one of a gy. The labour is rather forbidding, and we shall 
not pursue the subject further. 


§ 4. The defect of equivalence 
Our formula (2) leads to another characteristic of a one- 
parameter series which is of considerable interest. Let us see — 
how many groups of a y\ are in a gN;1_, which is obviously 
complete and not special. This number z will be 
z=v(N+p—1)—Hd. (3) 
It is defined as the ‘defect of equivalence’ of the yl}. Suppose 
that it turns out to be 0. The algebraic work is as follows. Let 
the yl) be given by 
{uy =Fi@y. cy’) = P{a,y,xy')=f(ay')=0, (4) 
while a g¥7}_, is given by 
SHAY +A2 Pot...+dAy py = 0. (5) 
Assuming that the axes have general directions, so that two 
points of a group of the y}, do not, usually, have the same 
abscissae, we eliminate y from f, and F, also from f and F,, 


Seng O(a, wy") = Ogle, x! y') = 0. 
When /’ = 0, these two equations have N common solutions 
given by x(@, x5") = 0. | 


Eliminating y between f and the general curve y, we have 
OA hares nc 0: 
If we write the condition that all the roots of x = 0 are roots 
of this and f’=0, we have N equations in the N variables 
Ag segs 
Rrra ey : 
We assume that for the general curve >; there are no permissible 
solutions, but if for a particular 4%, there is one permissible 
solution, by theorem 6] of Book I, Ch. I, there are an infinite 
* Cf. Severi-Léffler, pp. 191 ff. { Cf. Torelli?, 
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number. To get a particular ¥,;, take one group of our yy and 
p other points P,, P,,.... They are a group of a complete gN,,, 
if the points P, do not lie on a special adjoint. Residual to the 
point P, is a complete gX;}_, that contains one group of our 
yk, and since the defect of equivalence is 0, by what was said 
above, this must contain every group of our yl). They are all 
residual to P,. But by the same reasoning they are residual to 
P,, Ps,..... This amounts to saying that the fact that all the 
groups of yj, are in a certain gX ,,, is not invalidated by requiring 
the groups to contain P, or the independent point P, or P;, etc. 
In other words, we may require the groups of the g,,, to con- 
tain all these points, so that the y\, is contained in a residual 
gX-” or in a complete gN-”. 

Suppose, conversely, that our y\ is contained in a gN-?. Then 
if we have a group of a gN;}_, which contains one group of the 
y\,, the residual group is residual to every group of the gj” and 
so determines a gN;}_, which contains an infinite, not a finite, 
number of groups of y},. This could not be true of the general 
gN~3_1, for these do not all share a common series, hence 

2: 

Theorem 7] The necessary and sufficient condition that an 
irreducible series of dimension 1 should be contained in a linear 
series of the same order is that its defect of equivalence should be 0. 

Theorem 8] The number of double points of an irreducible series of 
dimension 1, order N, and index v is not greater than 2v(N +-p—1). 

Theorem 9] When the upper limit given in 8] is reached, and 
only then, the defect of equivalence is 0.* 

A point P of our curve f belongs, by hypothesis, to v groups 
of the yi, and so is residual to v(N—1) points Q, each of which 
corresponds to that number of points P. If, now, all the groups 
through a variable point belong to a linear series, together they 
belong to the vth multiple thereof, the correspondence has the 
value v and, by Chasles-Cayley-Brill, 

d =v(N—1)+v(N—1)-+2vp = 2v(N+p—1). 

Theorem 10] If the v groups of a yy of index v containing 
a variable point vary in a fixed linear series of order vN, then the 
defect of the given yy 1s 0. 

* Cf. Castelnuovo’, pp. 294 ff. 

3781 Y 
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It is evident, conversely, that if the defect is 0, any set of 
v groups is in the linear series which is the vth multiple of that 
containing the given series. 

If the defect of equivalence be 0, the given series is included 
in a linear series, and its individual groups will correspond to 
the points of an algebraic curve in that linear space of higher 
dimensions whose points correspond to the groups of the linear 
series. But we learnt in the first chapter of Book I that an 
algebraic curve may always be given by expressing the co- 
ordinates of its points rationally in terms of two auxiliary para- 
meters which are connected by a polynomial equation. A series 
of defect 0 may always, thus, be written 

fey) =Fia,y, 0 y') =f (a y') = 0. (6) 

Conversely, every series so written is contained in the series 
cut by F, when the coefficient of each term in x and y is an 
independent variable. 

Theorem 11] The necessary and sufficient condition that it be 
possible to represent a series of dimension 1 by three equations, 

f(z, y) = F(x, y, x;y’) =f'(x,y’) = 0, (6) 
as that the defect of equivalence be 0. 

This can also be expressed in another form: 

Theorem 12] The necessary and sufficient condition that an 
algebraic transformation between two curves f and f’ be expressible 
by a single additional equation F(x, y, x; y’) = 0 is that the growps 
on one of the curves corresponding to the individual points of the 
other should form a series of defect 0. If one of the series have this 
defect the other will also.* 

There is another birationally invariant number connected 
with an algebraic series of dimension 1 that is important. That 
is the genus of the curve f’ when we write the series in standard 
form: 

f(@,y) = F(x, y, 2, y') = P(x, y, &; y’) = f' (x; y’)=0. (1) 

This is defined as the ‘genus’ of the series; it is the genus of 
any plane algebraic curve whose points are in one-to-one corre- 
spondence with its groups. Let us assume that our series is of 
index N’ and simple if N’ > 1, so that the N’ groups containing 
an arbitrary point do not, necessarily, contain any other point. 

* Cf. Castelnuovo’. 
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To each point P of f will correspond N’ points of f’, to each of 
f’, N points of f. We have on f’ a series of index N and order 
N’. Let d’ be the number of branch points of the series on f, 
that is to say, the number of points where two fall together, 
they correspond to as many double points of the series on f’. 
We thus get, by Zeuthen’s formula of Book I, Ch. VIII (14) 


d’+2N'(p—1) =d+2N(p'—1), (7) 


2= N'(N+p—1)-¢= NW’ +p'—1)—£ = 2. (8) 


Theorem 13] If the groups of a simple series of dimension 1 
on a plane curve be represented by individual points on a second 
curve, then the indwidual points on the first will represent groups 
of a series on the second. The relation between the two curves and 
their series 1s a reciprocal one, the index of one series is the order 
of the other, the genus of one curve is that of the series on the other, 
and the two series have the same defect of equivalence. 

If N’ = 1 we must have d’ = 0, for if but one group go through 
a point, two cannot coalesce. The left-hand side of (7) is 
negative if p= 0. The right-hand side can only be negative if 

’—(, so that the series is rational, its defect is 0, and z= 0. 
Clearly we have a gi; this gives another proof of 1]. We get 
by equally simple considerations 

Theorem 14] A series of dimension and index 1 on a curve of 
genus 1 has the genus 1, and no double points, or genus 0 and 
2N double points. 

When N’ = 1 and d’ = 0, we get from (7) and (8), when NV is 
replaced by M, d 
z= (M+p—1)— 5 Mp’. 


Combining with (2), 


o(Mf,1,1,N,7)=N (MO) (8 )\t@—1)—Mw'—)] 09) 
$(M, 1,1, N, 1) = (M—1)(N—1)—p + Mp’ (10) 
é{M, 1,1, N,(M—1)] = N—M+1—p+My' >0. (11) 


Suppose that our y1, is of index 1 and that we have gi. Let 
us pick r—(M—1) general points of the curve. Residual thereto 
we shall have a g¥-},_,_,. If the points of a group of our yy 

Y 2 


= eee 
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impose independent conditions on this, we get from (11), chang- 
ing VN to N+d—r—l, 
(N+M—1—r)—M+1—p+Myp' 20 
N—r>p—My". = (12) 
This gives a generalization of the Riemann-Roch theorem.* 
Theorem 15] If a series of order M, dimension and index 1, 
and genus p' be given on a curve of genus p, and if 
N—r<p—Myp’, 
then a general group of the series will not impose independent 
conditions on a group of a gy. . 


Suppose that our base curve has an involutory transforma- 


tion into itself which is not of value 1. We have a y} of index 1 
which is not linear. The order of the curve being n, consider an 
adjoint of order n—v. The order and dimension of the series 
cut by all such adjoints will be given by 


N =n(n—v)— ¥ ri(r¢—1) = AXp—1)+-n(3—v) 


ree ee > wes = p—1+n(3—v) +9) 


: yy 
Nope pees. 
ie Pp 5) 


If (v—3) 
2 


>p', N—r<p—2p’. 


Theorem 16] Jf a curve have an involutory transformation into 
itself of genus p’ > 0, then an adjoint whose order is v less than 
that of the given curve which passes through an arbitrary point will 
also pass through its mate in the involution if Seve S. | 

A yh, of index 1 produces an (M—1)-to-(M—1) transforma- 
tion of the curve into itself. If this have a value y in the 
Chasles-Cayley-Brill sense, 


d = 2(M~—1)+ 2p—2r = 2(M—1)+-2py 


y=l1-—-. 
p 


Theorem 17] If the transformation of a curve into itself by a 
vi have a value in the sense of the Chasles-Cayley-Brill theorem 


* Castelnuovo, p. 296. 
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this value is 1 when the defect of equivalence is 0, otherwise it is 
less than 1 and the defect 1s divisible by the genus of the curve.* 

We shall see in the next chapter that, in general, a curve 
probably has no transformations which have no value. 

A series of index and dimension 1 is certainly an involution. 
Let us assume that each of the N’ groups through a generic 
point P goes through v’—1 other points, variable with P. If 
Q be one of these points, since one condition only is imposed 
by requiring a group to go through P and Q, all the groups 
which contain @ contain P also. The series being of order N 
and dimension 1, the N points of a group on f correspond to 
a single point on f’. The order of the > series on f’ is N’, and 
if we multiply this by the index of the series on f’ we get the 
totality of the points on f’ in groups which contain a given 
point, or the totality of groups on f which contain points of 


f 


——, hence the index sought is ue each 


a given group. This is ave 
14 Vv 


branch point of f drags with it v’—1 others, so that the number 
of these is oe 
Vv 


Theorem 18] If a composite y\, on a curve f be represented by 
the points of a curve f’ in the usual way, the index of the series 
being greater than 1, and if all growps through a generic point of 
f go through v'—1 others variable therewith, then the index of the 
series of f’ is the order of that on f dwided by v', and the defect on 
f’ is that on f divided by v’. 

A series of dimension 1 has a residual series which is of some 
interest. We start with a y\ and consider at the same time a 
certain gW,,. Each group of the yj, will be residual to a group 
of p points of the gN,,, and these will generate a yj, whose 
characteristic numbers we are to find. Let us assume, in the 
first place, that each group of our y}, is not, in general, equi- 
valent to any other, and that the same is true of the yj. The 
groups of the two series are, then, in one-to-one correspondence, 
and the two have the same genus. If a point P be taken, the 
number of groups of the second series through it is the number 
of groups of the first series in the residual g¥7}-1, and this by 
the definition of defect is z. It remains only to find the defect 

* Cf. Amodeo?, p. 230. 


‘Wo Veo, 
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of the second series. Let G,, G, be two groups of yj, G4, Gy their 
residuals in the y}. Let G,+H, and G,+, be two groups of 
a gN;i_, in our gk, Let Hi, #5 be residual to H,, H, in the - 
canonical series. Adopting the notation for equivalent groups 
developed in Book I, Ch. VIII, 

G44 26,465 

G, +H, = Gy+ Hy 

HytA+Kh =2LLAK 

GAB AG, +H, = G4 £4654 #5 

G+ Ey = G+ £5. 

There are, thus, z equivalent groups of the type G’+ LH’, or 
the new series has the old defect. 

Theorem 20] If a general group of a y\ be equivalent to no : 
other, and if the same be true of a general group of the yj}, residual | 
to the given series in a certain gX,,,, then the two series have the | 
same genus and defect, and the defect of the first is the index of 
the second.* 

We have assumed that no two groups of our y\ are equivalent, 
and no two of the residual are. When two groups of the residual 
are equivalent, they belong to a special g}. The number of these 
by Theorem 17] of Ch. IV of the present book is o0?-1, while 
the number of g{,, by theorem 9] of the same chapter is oo?. 
Hence, no two groups of the residual yj in a general gX ,,, are 
equivalent, and no one group is special. When in fact a group 
of the y; is special, all groups of the g} are residual to the 
residual group of the yj, so that the gi forms part of they}. 

Theorem 21] No two groups of a y} residual to a yk, in a general 
GN+py are equivalent, and no group is special when the y} is irre- 
ducible. When there 1s a special group, the g} to which it belongs 
as part of the y}, unless that have a higher dimension. 

Suppose that a group of our original series is equivalent to 
k—1 others. To each group of y} will correspond k of yl. The 


index of yj, will be not z but - We find the index as before 


merely noting that G, goes with & groups G,, and G4, with k 
groups Gi. 


* For this theorem and the three next theorems see Torelli?. 
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Theorem 22] If the general group of a yk, be equivalent to k—1 


others, the indea and defect of the residual y} is 2 


If we start with a y} which has no special groups, the residual 
yp plays the role of the original yk. 

Theorem 23] If no group of a y} be special, the index and 
defect are equal. 

Suppose that 1 groups of a y} are special. The residual yp is 
residual to a reducible series composed of y} and 1 gl’s. The 
defect and index of the total series are equal by 20], the defect 
of a gj, is 0 and its index 1. 

Theorem 24] The defect of a y} is the sum of its index and the 
number of special groups in the series. 

The defect of equivalence has, so far, only been defined for 
series of dimension 1. There are corresponding numbers for 
series of higher dimension. We start with a y{, and take p—b 
points in general position. Residual to them in the given series 
will be a y\,45-p. Let 2 be the number of groups of the latter 
in a general g¥7?_,. If p=—1 and b—0, we get our previous z. 
We could not, of course, have b>p. If z,=0, then a generic 
9N+$-p does not contain a group of our residual y,,,_,. If there 
be one gf, that contains such a group, it must contain an 
infinite number of them, as we saw in the earlier case. As the 
total number of g¥7f-,'8 is co?, so the number containing an 
infinite number of these groups is at most oo?-1, Every group 
of N-++b—p points belongs to co?~ groups of N-+-p—p. Hence 
there are oo? groups of N-++-p—p points, each of which contains 
a group of N-+-b—p. But any group of N-+p—p points belongs 
to a gN;_,. Such series which contain groups of y4,_, each 
contain an infinite number of them, since z,= 0. Now take a 
INtp+ke-p Of such very high order that it contains every group 
of yi) and every g¥7_, that contains an infinite number of 
these. If we take any group of y4,,,_,, there will be residual 
thereto in the large series a group of k-+-p—b points of k which, 
in turn, is residual to a g\7f_, containing an infinite number of 
groups of the y4,,,_,, all equivalent. Conversely, if a group of 
YN +v-p be equivalent to an infinite number of others, a linear 
series which contains one group will contain an infinite number. 


But it cannot be true that every g\;-, contains an infinite 


meaber = Giedps of Yr+5—p» en then there would be x 
of 00°, 
Theorem 25] The N.S. LawHeAS that each growp on a Yris-p 
residual to (p—b) points of a y&, should be equivalent to an wits 
number of others, 1s that % = 0. 

Suppose z,= 0. 2,, is the number of groups of a Aten 
residual to (p—b—1) and contained in a g¥7f_, . If we fix a point 
P, we have a residual series with z, = 0. Here, if we add P, 
which is perfectly general, we have a y\},,,-, with an infinite 
number of equivalent groups. 

Theorem 26] If z, = 0, then z,,, = 0. 

It is possible with the aid of these numbers to find an exten- 
sion of the De Jonquiéres formula of Chapter III; the labour 
is excessive. 


* Cf. Allen, p. 345 ff. + Ibid., p. 349. 


ee 


CHAPTER VII 


THE HIGHER THEORY OF CORRESPONDENCES 


§ 1. General theorems 


In the present chapter we shall return once more to the theory 
of algebraic correspondences between curves, or of groups of 
points on curves, extending and completing results already 
obtained, and exhibiting new methods of study based on the 
theory of Abelian integrals. We begin with one or two of the 
formulae already established, the Chasles-Cayley-Brill formula 
for the coincidences of a correspondence of indices N and N’ 
on a curve of genus p, when the correspondence has the integral 


or 0 value y: N-+N’'+ 2py. (1) 
If we have an N-to-N’ correspondence between two curves 


of genera p and ’ respectively, with B and f’ branch points in 
each case, Zeuthen’s formula at the end of Ch. IV of Book IT 


Boa. B-+-2N’(p—1) = B’+2N(p'—1). (2) 

Tf we use not the branch points on one curve but the double 
points of the series on the other, we may put this in the form 

d’+2N'(p—1) =d+2N(p'—1). * (3) 

Care must be taken when branch points on one curve corre- 
spond to branch points on the other; we assume such is not 
the case. 

The general formula for an algebraic correspondence between 
two curves is nothing but the general formula for a one-dimen- 
sional series on one curve, and may be written, as in the last 
chapter, 

fay=F,a,y,%y') = Fey ny )=f(@ey)=9. (4) 

We get from theorem 9] of that chapter: 

Theorem 1] The necessary and sufficient condition that a N-to- 
N’ correspondence between two curves of genera p and p’ should 
have the maximum number of branch points is that the defect of 
the corresponding series should be 0. 

Theorem 2] If an algebraic correspondence have the maximum 
permissible number of branch points, so does the inverse corre- 
spondence. 
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We get at once from theorem 10] of the last chapter: 

Theorem 3] The necessary and sufficient condition that the 
groups corresponding to individual points in a correspondence on 
an irreducible curve be equivalent, is that the groups of individual 
points in the product of the correspondence and its inverse should 
be equivalent. 

Suppose that we have a 1-to-N’ correspondence between two 
curves. As this must be rational in one sense, it must be possible 


oe _ dey’) _ xy’) 
~ ay) 8 bey’) 

A g in the (x,y) plane will be carried into a gy in the (x) y’) 

plane. Conversely, suppose we have 
bo(esy') +td, (0, 4’) = 0. (5) 

If we eliminate x’ and y’ between this and the two equations 
preceding, we get a polynomial in x, y, and ¢ equated to 0, and 
so groups of points of a rational series which is contained in the 
linear series obtained by replacing the polynomials in ¢ which 
multiply the individual products in x, y by independent variables, 
a linear series of dimension 1 on the zy’ curve will go into 
a series of defect 0. Two equivalent groups in the zy’ plane 
may be joined by a gl, hence they will go to two groups of 
a rational series; two equivalent groups. When we have an 
N-to-N’ correspondence, we may factor it into the product to 
an N-to-1 and a 1-to-N’ as in Ch. VIII of Book I. 

Theorem 4] An algebraic correspondence will carry a pair of 
equivalent groups into a pair of equivalent groups. 

The reader will not make the mistake of supposing that such 
a correspondence will necessarily carry a linear series into a 
linear series. It surely will in some cases, but not in all. 


§ 2. Application of Abelian integrals 

The subject of algebraic correspondences does not, in its nature, 
seem to involve essentially any transcendental considerations. 
It seems certain that with a modicum of skill we might derive 
all the properties of such correspondences by the methods of 
algebraic geometry. As a matter of fact no one has, so far, 
succeeded in doing this; certain fundamental problems have 


pte add 
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only yielded to transcendental treatment. It is our present task 
to show how such treatment is applied.* 

We premise that we are dealing with a correspondence on an 
irreducible curve of genus , and this, as we saw in the second 
chapter of the present book, has exactly p linearly independent 
integrals of the first sort. Let us call them u}(a), w?(x),..., w(x). 
Each of these has 29 moduli of periodicity (not to be confused 
with the 3(p—1) moduli of a curve as derived in Ch. IV of the 
present book) corresponding to as many circuits on the Riemann 
surface, as we shall see in more detail in the next chapter. We 
may tabulate them in the canonical form:+ 

Ut ~(1, 0, 0,..., 0, @3, @y9)+++) Ay) 
U2 ~ (0, 1, 0,..., 0, A231, Ugay-+-) Aen) 
<f\ BG eetran ee MORES (6) 
UP ~(0, 0, 0,..., 1, Gy4, Bpa5+++2 Upp). 
yy = Azz. 

Suppose, next, that in our transformation a point (x) corre- 

sponds to N’ points (y’), (y?),..., (y™) the expression 


i=N’ ‘ 
> wy’) 
4=1 


is everywhere finite. Its derivative is a single-valued analytic 
function with no singularities but poles, and so is rational. 
Hence it is itself an Abelian integral of the first sort, so that 
we may write 


i=N’ te : 
>, MY) => Melle) + My (7) 


Here the constants I,, depend on the paths of integration on 
the Riemann surface. The p? constants II,; are called the 
‘characteristics’ of the correspondence. 

Let (x) move around one of the first p circuits, say the Ith. 
The increment of w(x) will be 1, that of all the other w’’s will 
be 0. The corresponding y’s will move around the various cir- 
cuits each an integral number of times in positive or negative 


sense, hence Pm 
Tyg = Iya 2, Gatheie ‘eS 
Ve 


* The classical memoir on this subject is Hurwitz. 
+ Cf. Appell et Goursat, pp. 152 and 320. 
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If (w) had traced the (p-+-l)th circuit, we should have had 
J=p i=p 
2, yj = ut 2 tpi: (9) 
= = 


The quantities g, h, G, H are integers or 0. 
If in (8) we change / to j, multiply by a,, and add, we get, 
by comparing with (9), 
2, Ay ght > Gij@ ity = Hyg + 2, Cn: (10) 
J Wd 


We have here a linear equation connecting the moduli of 


periodicity, the coefficients being integers. It seems extremely . 


unlikely that the general curve, i.e. every curve, of genus p has 
such a relation among these moduli. We shall therefore define 
as a ‘curve of general moduli of periodicity’ one where no such 
relation not a numerical identity exists, leaving open the ques- 
tion as to whether any such curves exist for the general p.* 
If, then, we have a curve of general moduli of periodicity, so 
that (10) is merely a numerical identity, 


94 = Hy=0. 
On the left the summation bears on the first subscript, on the 
right it bears on the second. Hence we must have 
This can be neatly written in terms of the Kronecker indices: 
94 = Hy=0 hy=—yft Gy = —yIi,. (11) 
Our equation (7) then becomes 
2, uk(y')+-yuk (x) = TI 
5 uly) Tyee) = 2, allyl) uke’). (12) 


At this point we recall theorem 5] of Ch. II of the present 
book, which tells us that the N.S. condition that two groups 
of points should be equivalent is that it should be possible to 
match them up one to one in such a manner that the sum of 
the differences of the values of every integral of the first sort 
at the different pairs of points should be congruent to 0 within 
the moduli of periodicity, and bear in mind the definition of the 
value of a correspondence given in Ch. VIII of Book I, and we 


* Cf. Hurwitz, p. 565. 


ee 
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see that this constant y is nothing more nor less than the ‘value’ 
of the correspondence. 
Theorem 5] On a curve of general moduli of periodicity, the 
only algebraic correspondences are those with integral or 0 values. 
The Chasles-Cayley-Brill correspondence formula gives the 
number of coincidences as 


N+WN'+ 2py = N+N'— ¥ (hg t+ Gi). (13) 


It can be shown with the aid of @ functions that this expres- 
sion will always give the number of correspondences.* 

An upper limit to the number of coincidences may be reached 
in the following fashion. Consider a g/,, where the group con- 
taining a general point does not contain one of the transformed 
points. Each group will be transformed into N’ groups, and in the 
inverse correspondence each group to N groups. The groups of 
ag}, may be transformed birationally into the points of a line, 
on which we have here an N-to-N’ correspondence. The N+ N’ 
coincidence groups will include all the coincidence points there are. 

Theorem 6] The number of coincidences of an N-to-N’ corre- 
spondence on a curve of genus p will never exceed (N-+N’)(p+1) 
in number. 

Let us next pause a moment to prove theorem 3] of the last 
chapter, as we promised to do. Suppose that we have a one- 
parameter system of y\’s of index 1. In each group the various 
points appear symmetrically. Let us apply our recent analysis 
to the transformation, including the identity induced by any 
one of the y\’s, so that (x) appears as one of the corresponding 
points (y). We turn to equations (8), noting that I,, will change 
continuously, while the a,,;’s are constants, and the other 
quantities involved are integers. This is a contradiction unless 
the II,,’s are constants. Returning to (7), we have, by symmetry, 


> WT, e"(x) = x TT,'(y). 
4 4 
But the point (y) is any mate of (x) in any one of the corre- 
spondences, and so is any point of the curve. Hence we have 
>, T,«w'(~) = const. 
Substituting in (7), > wy") = Cy. 


uv 


* Cf. Hurwitz, p. 576. 
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The summation on the left covers all the points of a group, 
the constant on the right depends on the pa yl but not 
on (x), and so is constant for any particular y}. Hence, by 
theorem 5] of Ch. II, the group (y) is a group of a linear series, 
and that is what we wished to prove.* 

Consider, in place of our original correspondence, which we 
assume to be non-involutory, its inverse. The two could not 
have identical values for g, h, G, H, as we shall presently see 
from the formula for the product of two correspondences. On 
the other hand, they impose the same conditions on the moduli. 
of periodicity, for if a curve admit a certain correspondence, it 
automatically admits the inverse. We rewrite (10) 


2 hy jQy+ 2 JigUeit = Hyyt+ 2, Gigi (10) 


If the coefficients for the inverse correspondence be g/ h; G H; 
and if we interchange k and J, we have from the inverse 


2, hype 2 Gijhity, = Hy Dd Fy. 
If these equations are to be identical we must have 
hy = Oy Gin = hy; Ay, = —Hy Jig = —Gy- (14) 
Let us write the formulae for the product of two corre- 
spondences. In addition to (7) we shall have 


2, Ul (28) = 2, TT’u'(y") + Ty. 
In (7) change k to 7, multiply by Ii,, and add 
2, id On ee 2 I, 1, ju*(w)+ Hy. 
That is to say, for the produet 
Ty = 2 Wl ;;. 


From (8) and (9) and the corresponding equations for the 
second transformation, 


hig = 2 (hi hig +9 ki) 

Tia = 2 (hi Gg +93) 
Aiy= => (A hiy+- GH ;,;) 

Cn = S (Hii + Gn Gis)- 


* oP Castelnuovo’, p. 732. 


(15) 
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How many points have the same mates in two different corre- 


_ spondences ? This is the number of coincidences in the product 


of one and the inverse of the other. Applying (13), (14), and 
(15), we get* — 
N,Nj+N2N{— 2 [hjG5s— 9H j;—A ye Git Gyhji). (16) 
When the first has the value y and the second the value y’, 
this becomes N{Ni+N,N4—2pyy’. (17) 
Definition. j. correspondences shall be said to be ‘linearly 
dependent’ if a set of constant multipliers A,,A,,..., aie not all zero, 
may be found, such that 
a3 Aig = 0. 
s 
This will involve > A het vs A, I2ne = 0. 


The first set of quantities are integers, the second complex, 
aes TMiy= 0 DAgimn=0. 
8,0 


The X’s are thus rational quantities; we may take them as 
integers since we are dealing with homogeneous quantities. 
As the determinant of the a,,’s is not 0, we have 


> Adi = > AG: = 0. (18) 


The 2p* quantities gh are integers; every set of such will be 
linearly dependent on 2p? such sets, so that this is the maximum 
number of linearly independent correspondences on a curve of 
genus p.t If our w correspondences be linearly dependent, we 


aye > Awk(y"*) = c, = > Auk (y"*). 


Conversely, when this equation holds, since in (7) the p integrals 
u(x) are linearly independent, we have 


2, Alle = 0, 


or the correspondences are linearly dependent. We thus get 
from Ch. IT, 5]: 

Theorem 7] The necessary and sufficient condition that w corre- 
spondences be linearly dependent 1s that there be yu sets of multiples 


* This differs slightly from the value given by Hurwitz, p. 564. He defines 
as his second transformation what we have called the inverse thereof. 
t Cf. Severi?. 
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of groups of points corresponding to a variable point which vary 
in a linear series. 
Here a negative integral multiple of a group has the meaning 
developed in Book I, Ch. VIII. 
If our curve have general moduli of periodicity, if we take 
two correspondences of values y, and y2, we have 
MP+[O1+O.+...+Q,] = P+ t+ O24 +O) 
yoP+[R,+Ro+...4 8, = yveP' +[ Rit Bot... +8] 
yelQi+ Qe. Q,, J—vilRit Ba++ ,,] 
=A ++. +O, )-nil Rit Bor... +k) 
Theorem 8] Any two correspondences with integral or 0 values © 
are linearly dependent, and any correspondence with an integral 
or 0 value is linearly dependent on the identity. 
Theorem 9] If a curve have general moduli of periodicity, any 
two correspondences are linearly dependent. 
In addition to our equations (28) we shall get from (9) 


DAH = DAG = 0. 


These equations, with (14), give 

Theorem 10] If a set of correspondences be linearly dependent, 
so are their inverses, and the same set of linear multipliers appear 
in the two cases. 

The number of coincidences in the sth correspondence is 


Us = N8+ N's— 7 [hé,+ G8, ]. 


Multiplying through by A, and summing, 
eS AU, =a > AN, +N,]. 
s s 


Theorem 11] Jf u correspondences of indices N,,N‘, Nz, N%,... 
and coincidences U,, Uj,... in number pu be linearly dependent with 
the multipliers Aj, Xo,... then 


DAU, = 2D ALN, + Ne]. 


§ 3. Representation in hyperspace* 

In dealing with the periods of the various Abelian integrals of 
the first sort, we have to treat a large number of variables, 
connected by various linear equations. This suggests that the 


* The material of the present section and the next is taken from the articles 
by Rosatti!. : 
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point of view and language of the projective geometry of hyper- 
space may throw an interesting sidelight on the whole question. 
Let us look into this matter. 

Suppose that we have a projective space of 2»—1 dimensions 
where a point has projective homogeneous coordinates 


ay Aiasesrs Xo 
and a hyperplane the equation 
(uX) = 0, 


the quantities (w) being its projective coordinates. There are 
p linearly independent fundamental hyperplanes whose co- 


ordinates are 
ut ~(1, 0, 0,..., 0, @y45-++5 Bp) 


u* ~(0, 1, 0,..., 0, @g1)-++5 ay) 
Te tatg MT hs METER sos (6) 
UP ~(0, 0, 0... 1, @p4)++-2 Fp) 


These will constitute a bundle of hyperplanes having in com- 
mon a space of p—1 dimensions S,,_}. 

Suppose that we take a rational point in our S,,_,. We may 
multiply through by such a number that the homogeneous co- 
ordinates are 2p integers, and they will correspond to a definite 
path on the Riemann surface for our curve, the coordinate X, 
telling us how many times the /th circuit has been traced in 
a positive or negative sense. We have a one-to-one correspon- 
dence between the closed paths and the rational points, in so 
far as a path is characterized by any constant multiple of the 
number of turns it takes about the various circuits. 

Theorem 12] The closed circuits on the Riemann surface corre- 
sponding to an irreducible algebraic curve of genus p may be 
represented by the rational points of a projective space of 2p—1 
dimensions, and the Abelian integrals of the first sort by the hyper- 
planes through a fixed space of p—1 dimensions S,,. The 
necessary and sufficient condition that the period of an Abelian 
integral about a certain path should be 0 is that the hyperplane 
corresponding to the integral should contain the rational point 
corresponding to the path. 

Let us next return to equation (7). If a point (x) describe 
the closed path (X), the corresponding points (y) will trace 
various paths and, perhaps, permute with one another, but the 

3781 Z 


338 HIGHER THEORY OF CORRESPONDENCES Book III 


sum of their wanderings will be a series of closed paths which 
we shall call (Y), the transform of (X). Let the integral 


> Viui(a) 
correspond to the integral ; 
> Vonty!) = 5 Vallaew'o) 
ali Vi => MyM (19) 


We have a collineation of the bundle of hyperplanes through 
S,-1, and each such collineation will correspond to a trans- 
formation of our integrals of just this type. Let (x) trace the . 
various circuits X,,X9,...,X5, times, while > (y") traces them 
Yj, Yo,.--) Yop times. The kth integral will be changed by 

Y,+ 2, nV ps1 
This may be written, by (8) and (9), 


2 T,X 5+ 2 TyitigX p45 
= eee hy X ¢+ 2 IuitigX ;+ rites Dien 2 Gigi X pay 
Y= 2, hyp X + 2 Ay Xp; (20) 
Yu= =5 9X 4+ GyX pti 


We have, nes a selinestioe of our S,,,_, which carries 8, 
into itself, as an integral of the first sort goes into one of i 
first sort. Suppose, conversely, that we have a rational collinea- 
tion of S,,_, given by equations like (20) that carries S,,-1 into 
itself, so that a hyperplane (V’) of the bundle through there 
goes into another such hyperplane (V). The coordinates of these 
hyperplanes will be 


U, = Vi, Oa ava C= V; Oua= 2 AV; 
The transformation PETEN to (20) is 
Uy = 2, hyOj+ 2, Gn a 
Oh in = =5 Ay, U+ > Gin Uns 


and this becomes fmiiadiaene “ equations (8) and (9), 
Kore I1,:V;, (19) . 


Za 
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the desired relation among the hyperplanes of the bundle. It 
is to be noted that if the transformation have the value 0 all 
the II,,’s disappear, and the reasoning ceases to hold. 

Definition. Two correspondences which have the same values 
for g, h, G, and H are said to be ‘equivalent’. Two correspon- 
dences with the same value are equivalent. If they are of the 
same indices, we see from (8) and (7) that 


2, why") = 2, uk(2"), 


and we see by theorem 5] of Ch. II, present book, that the 
groups (y) and (z) are equivalent. Suppose, conversely, that 
these groups are equivalent. We get from (7) that the two 
correspondences have the same IJ,,,’s, since the w*’s are linearly 
independent. Hence, if we subtract one set of equations (8) 
from the corresponding other set, and the same for the sets 
(9), since |a,;| 40 
his = hi; 913 = Ii Ay,=Hy Gy= Gi. 

Theorem 13] If two correspondences have the same indices, and 
are equivalent, the groups in the two corresponding to a general 
point are equivalent, and if two correspondences have the same 
indices, and if the groups corresponding to a general point on the 
two be equivalent, the correspondences are equivalent. 

It is to be noted that if a correspondence have the value 0, 
all the g’s and h’s are 0, and equations such as (19) become 
illusory. We get from what immediately preceded the definition 
of equivalent correspondences 

Rosatti’s Theorem 14] There is a one-to-one correspondence 
between the sets of equivalent correspondences, not of value 0, on 
an irreducible curve of genus p, and the rational collineations of 
a projective space of 2p—1 dimensions which leave invariant a 
space of p—1 dimensions. The number of linearly independent 
correspondences will be that of linearly independent collinea- 
tions.* 

Theorem 15] All correspondences with a value which is not 0 
are represented by the identical collineation. 

Theorem 16] If the product of two correspondences have a value 
not 0, they will be represented by mutually inverse collineations. 


* Rosatti!, p. 6. 
Z 2 
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§ 4. Generalized values 
The original definition of a value given in Ch. VIII of Book I 
was such an integer that the group of points > Q;+yP was 


a group of a linear series, with an easy extension to the case 
where y was negative. This amounts to 


> wk(y")+yuk(«) = Ty. 


7. 


And so, from (7), > TL ttt (ar) + yu¥(ze) 20: 


Since the integrals wu” are linearly independent, 


Hyty Tye » Typ Niity Wey - Ala 
Ty, Ileet+y - ep ae Nie Weety - Hp. eee) 
ID II 52 pollens Ihip Il, pa Dea 


The roots of this equation are the negatives of the roots of 
the characteristic equation of the collineation in the bundle 
given by (19). 

Definition. The negatives of the roots of the characteristic 
equation of the collineation among the hyperplanes of the 
bundle through S,,_, shall be called the ‘generalized values’ of 
the correspondence.* 

Theorem 17] The number of generalized values of a correspon- 
dence cannot exceed the genus of the curve. If the correspondence 
have a value, this will be one of the generalized values. 

It may seem surprising that we should get the generalized 
values from the collineation in the bundle, rather than from 
the space collineation (20). The characteristic equations of the 
two are simply connected. Let us find 


hos Riga Pop Po eee . 000 Cami r 
911 Giz - Yip Gap Gp 1.00. 0:45. Ap 


* This concept is due to Rosatti?. 
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where a,;; and @;; are conjugate complex numbers. Multiplying 
columns into rows: 


Heep Us. Ip > Up —Ayp > Wy,Gp9—A1pp 
r r 


; Thy 2 . oP 2, Mprttrs Aa pp 


2, Mette Vp pP 
Hni-p Ty . Il, > Ty,@,4—Gp > Wy Gry A1pP 
r Tr 
Uy Il ne Ne 2. Tl, ,G4—Gy yp BS TD jp —FppP 
io 
Hyi—p hp Ih, 0 0 0 
Toy Ily,—p Il, 
0 0 0 Hip Ihe My, 
1. 0 0 ay Ay 
x/0 0 Gy Ann 
1 O 0 a, Gy 
Oe Oe AA EE ve ene 


Hence the first large determinant, which is characteristic for 
the collineations in S,,_, is equal to 


Il44—p Thy. : IT,» ii—p . ne 


II Il a 


pl pn P 
This gives a curious result, namely, 
Theorem 18] The negatives of the generalized values of a corre- 
spondence and the conjugate complex numbers are the roots of the 
characteristic equation of the corresponding collineation in higher 


space. 


a7 
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If we take the characteristic determinant, and add to each 
of the first p rows a suitable combination of the last rows, we get 


Iyy—p Ty, - Why Sp dletae one . 2, W@rp—AipP 


Noa Type - pp 2 aa , 2, Mprrp— 4p? , 
Ii Jin +) = Gip Gis—p : Gis 
Yor Ip2 * Ipp maa 2 Gp1 . Gop =F 


In the same way we may add to each of the last p columns 
a suitable combination of the first three, getting 


[Riaae- flee oi, 0 A 0 
Nyy Ine Nop i 0 0 
911 Ji2 Jip Ilj;—p 09 II; 
Ip1 Jp2 + Yop I, ,« Jdiaa=e 
Wyi—p hy, . Thy ¥ Wii—p Wi. . ~My 
- Ty Ine + Up»—p Ty a? cd 


Comparing this with (14) and theorem 18], we get 

Theorem 19] The generalized values of a correspondence and 
its inverse are conjugate complex numbers. 

The sum of the roots of the characteristic equation for the 
collineation in S,,_, is > hy,+ > G;;, and this we know is the 
negative of the sum of the generalized values and the conjugate 
complex numbers. We thus get from (13) 

Theorem 20] The number of coincidences of a correspondence 
as the sum of the indices and the generalized values of the corre- 
spondence and its inverse, 


§ 5. (p,p) Correspondences 

There are a certain number of particular types of correspondence 
which can be studied fruitfully by special methods invented to 
suit each case. As a first example,* let us take a correspondence 
with the indices p and p and limit ourselves to correspondences 


with value. 
* Cf. Scorza. 
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If the value y of the correspondence be positive, there exists 
@ J+, Which we may assume complete. If this be not special, 
we have r= y, and the group corresponding to a given point is 
residual to the group consisting in that point counted y times. — 
The number of coincidences is 2p-+-2py, and this by theorem 10] 
of Book II, Ch. IV, is (y+1)*p, so that we must have y= 1. 
When the series is special, we have 


Ua set Saved nat le nS ol 
counting the coincidences by two methods, then, we have 


P+p+2py = 2p(y+1) = (y+1+0)[pt+yt(y+1)(p—))]; 


and since mL yi 
2p >[pt+yt+(y+t)(p—1)] 
p> (y-+i)p—i, since p—1>0, 
t= 0 pes ly 


Theorem 21] The only (p, p) correspondences of positive value 
are those given by a non-special gi .,. 

If there exist a (p, p) correspondence of negative value, that 
value must be —1, as otherwise the number of coincidences 
would be negative. The group corresponding to a variable point 
(x) could not be special. For if it belonged to a special complete 
series, then by the reduction theorem 8] of the first chapter of 
the present book we should get another complete series by 
adding a fixed point (y) to each group. But by the definition 
of a correspondence of value —1, the group consisting of (y) and 
the mates of (x) is equivalent to that consisting of (7) and the 
mates of (y). If » points do not belong to a special group, 
certainly p+1, which include them, do not. Let (y) be a fixed 
point, (y*), (y?),...,(y”) be other fixed points not belonging to 
a special group. If (x) be a variable point, there will be a gt, 
with the group (2), (y*),(y?),..., (y”). Let (x) correspond to the p 
points (2), (x?),..., (v?), which with (y) form a group of this. We 
thus get a (p,p) correspondence of value —1, and there are no 
others of a different kind. 

Theorem 22] The only (p, p) correspondences of negative value 
are those of value —1. p+1 points in general position will deter- 
mine such a correspondence. They have no coincidences. 
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Could we have a (p, p) correspondence of value 0? The curve 
must contain a special and complete g?, and all its groups are 
residual to p—2 fixed points. If p=1 the curve must be 
rational, for its points are in one-to-one correspondence with 
the groups of a g} or a pencil of curves. But there p= 0, and 
there is no series left. Hence we must have p>1. We may 
construct a correspondence of this sort in the following fashion. 
Take a curve of order p with a given point of order p—3 and 
p—5 given double points. The number of conditions imposed 
does not exceed 

Se +3(p—5) = 
so that we have not asked too much, and we may be sure by 
putting the singular point at the origin and applying the reason- 
ing that led to Lefschetz’s theorem 4] of Book I, Ch. VII, that 
just this curve exists. Its genus is also equal to p. Our corre- 
spondence shall consist in making each point correspond to the 
p points conjugate to it with regard to a fixed conic. 


P(P+1) 49 
2 


? 


§ 6. Birational correspondences 

A (1, 1) correspondence will give a birational transformation of 
the curve into itself, and conversely. If the value be negative, 
the genus must be 1 or 0. When the genus is 0 we have what 
amounts to a birational transformation of a straight line into 
itself, and this is of course a projective transformation. When 
the genus is 1 the negative value can only be —1. 

If the value be 0, the curve has a gj, and so is rational. Sup- 
pose the value is positive, say y. Our curve has a complete Jat: 
Now by hypothesis we may have y of these points coalesce in 
a general point, and the other point is then determined, we 
must have y=p. But then, if we pick y—1 arbitrary points, 
we shall have residual thereto a g}. 

Theorem 23] The only curves of general modulus of periodicity 
which can be birationally transformed into themselves are curves 
of genus 0 or 1 or hyperelliptic curves. 

Let us now give an example of a birational correspondence 
which has no value. We have so far never shown that any 
valueless correspondences exist.* 

* Cf. Burkhardt}. 


Chap. VII BIRATIONAL CORRESPONDENCES 345 
We take the cubic curve 


y+e2—1l=0 


and make the transformation 


cai, y=—(4%%)y y= (Sy. 


2 2 


_ Here corresponding points are collinear with a fixed point not 
on the curve. The curve has no singular point, so the genus is 1. 
The coincidences are the two finite and one infinite inflexions 
on the z-axis, each counting but once, as we see by Zeuthen’s 
rule of Ch. VIII, Book I, so that if there were an integral value 
y we should have Berets Of: 


which is absurd. 
Here is another example. Suppose that we have an irrational 


yi of index 1: 
fa, y)=Fizy, xy’) = F(a, y, ay) =f (x y') = 0. 


When we take (z,y) on f, since the index is 1 we have but 
one corresponding point (x; y’), but each (x; y’) corresponds to 
v points (x,y). We have a v-to-1 correspondence between two 
curves of genera p and p’ respectively, but on the former curve 
a (v—1)-to-(v—1) correspondence. Suppose this had the value y. 


vP +P, +...+P, SP tyPat.. TP, 
Pi+...+P, = P3+.:.+P, 
(y—-)P, = (v-DP = (y-NF = -.. 
yPi+.. +P, = Qt. +9, 
(y—1)Q1 = (y—-1)@2. = (y-N@ = 
(y—Ne+y—)P, = (y¥—-1I)e+y—-N@1- 
If y= 1, our y} is ag}, contra hypothesem. 
If yvty—1=140, 


we have exactly the same contradiction encountered at the 
bottom of page 124, unless y= y = 1 and the curve is rational. If 


v+y—l= 0, 


ry 
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the number of coincidences is 
2(v—1)(1—p), 

which is negative unless p = 1 or p= 0. 

Theorem 24] An irrational series of index 1 on a curve of genus 
greater than 1 gives rise to a correspondence without value.* 

If we have a one-to-one or birational correspondence between 
two curves, or of a curve with itself, there may be some points 
where the correspondence degenerates. How can this be? As- 
suming that neither curve is hyperelliptic, let them be replaced 
by curves of order 2p,—2 in a space of p,—1 dimensions, and 
of order 2p,—2 in a space of p,—1 dimensions, which curves 
have no singular points. The birational relation between the 
original curves must correspond to a projective relation between 
the new curves, and a projective relation has no exceptions. 
Hence, any exception in the original birational relation must 
come from a point on the original curve which did not corre- 
spond to a single point on the space, i.e. a singular point. When 
the curves are hyperelliptic, there is a one-to-one relation be- 
tween their g}’s and this relation must be without exception, 
since the g}’s correspond to points on a line, which are bi- 
rationally transformed only by a projective transformation. 
Hence, the exceptions here can come only from singular points 
or double points of the g}’s. 

Theorem 25] If two curves be birationally related, no points 
can be exceptional except singular points or double points of the 
g}’s of they be hyperelliptic. 


§ 7. Halphen’s transformation 
In the treatment of birational transformations which we have 
given so far we have discussed the effects but said little about 
the means by which they are produced. It will be well to take 
one particular type of transformation and carry it through in 
detail. This is named after Halphen.t 

We start with a curve 


f(t, Xo; 23) = 0, 
and let each point (a) thereof correspond to the point (y) which 
is on the tangent at (x) and is conjugate to (x) with regard to 


* Cf. Severi-Léffler, pp. 186 ff. and 402. Tt Halphen?, p. 420 ff. 
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a given conic. If we take such trilinear coordinates that the 
conic has the equation 


(on) == 0; 
pyi=| of af |. (21) 
Ox; OX, 
If the curve be given parametrically so that 
, ax, 
x, = x,(t) u= re 
oy; = (wx')x,— (xa)a;. (22) 


Each generic point (x) of our curve will correspond to a single 
(y). When (y) is given, its polar with regard to the fixed conic 
will cut the given curve in a number of points. Let us show 
that usually there is but one of them whose tangent goes 
through (y). Let (x) be a general point of our curve or, let us 
say, merely a non-singular point, P any other point on its 
tangent. There are oo* conics where P is the pole of the line 
from (x) to the point of contact of another tangent from P, 
hence at most oot conics where this is true for some point P on 
the tangent, and so plenty of conics where it is not true. Hence 
(x) may be made to go into a point that corresponds to (x) 
alone, or the transformation will be, in general, one to one. 


of 


Returning to our equation (21) we may interpret (2) as the 


pole of the tangent to f with regard to the fixed conic. Moreover, 
nf = (2 x) =2/0) 
ACh ([az] | i (7 az) eG (Z az) oy 
(oe 


of 


The relation between (x) and (7) is a reciprocal one; each is 


Hence 


the pole of the tangent to the curve traced by the other. 
Theorem 26] A curve and its polar reciprocal with regard to 
the fixed conic have the same Halphen transform. 


mr 
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Let us next take a branch of the first order: 


a, =2,+a,t+b,2+¢,8+..; (23) 
a, = a, +2b,t+8¢,0+... (24) 
(aa) = (22) + 2(az)t+[(aa) + 2(by)}P+ +. (25) 
(aa') = (az)-+[ (aa) +2(bz)]}t-+-3] (ab) + (cz) +... (26) 


Yi = [(az)2,—(zz)aj] +{[(aa)-+2(b2)]z;— (az)a,—2 (22) St-1...(27) 
Since the original branch is simple, 

- (az)z,—(zz)a, & 0. 
The new branch will not be simple if 

[(az)z,— (22)a,] = p{[(aa)-+2(bz)]z,— (az)a,—2(2z)b,}. 
Multiply through by 2; and add: 
0 = pl(aa)(2z)—(az)?]. 
We have already seen p £0. If the second factor vanish, the 


line from (a) to (z) touches the conic. But if we multiply through 
by a; and add, we get 
0 = (az)?—(aa)(zz) = 2p| (az)(bz)— (zz) (ab)]. 

This means that the lines from (z) to (a) and to (6) are con- 
jugate with regard to the conic. The first of these is tangent, 
hence either (z) is the point of contact, or (z), (a), and (b) are 
collinear on a tangent, which would be an inflexional tangent 
to the original curve. If, then, we take care that the conic does 
not touch the original curve, or touch an inflexional or singular 
tangent, the original branch of the first order will become a 
branch of the first order. 

Let us assume that our original curve has no singular points 
but ordinary ones, that the fundamental conic does not touch 
it nor pass through a singular point nor touch a singular tangent, 
then the new curve will have nothing but branches of the 
first order, and all the original singular points will have been 
exploded into non-singular points. Let us show that we can 
arrange things so that the transformed curve has no singularity 
worse than a node. 

If the transformed curve is to have a singular point of order 
3 or more, three or more collinear points of the original curve 
must have their tangents concurrent at the pole of the line on 
which they lie. If there be only a one-parameter family of lines 


al ~ 
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which cut the curve in three points with concurrent tangents, 
we may choose the conic so that such a line and point of con- 
currence shall never be polar and pole with regard to it, for 
there are co® conics in the plane, and only oo? with a given polar 
and pole. But perhaps every line in the plane meets the curve 
in three points with concurrent tangents. Let us show that this 
is impossible in the case of an irreducible curve. Suppose it 
were the case, and that the curve touched the line at infinity at 
the end of the y-axis, so that each vertical line met the curve 
in two points with parallel tangents. Analytically this gives 


the equations fley) =fleg) =0 
ee ee 
Stee ee ee +k. 


The curve can be carried into itself by a parallel translation, 
and so by an infinite number of them, and this is only possible 
if it consists in one or more parallel lines, a trivial case. 

We must next show that the transformed curve does not, 
necessarily, have a tacnode, i.e. a point where two branches of 
the first order touch. If we return to equation (27), we see that 
we can give to ¢ such a value that although (x) and (z) corre- 
spond to the same point (y) they will not give proportional 
values (y’). That means that of the co® conics that carry the 
branches at (a) and (z) into two branches at (y), the intersection 
of their tangents, there are at most oo? which make those 
branches tangent, and give a tacnode. Hence there are, at most, 
oof transformations that produce a tacnode, or we can avoid 
this and carry our curve, which has nothing but branches of 
the first order, into one with no singularities but nodes. 

We pause at this moment to note that the transformed curve 
has no cusps. Its order is found, by Chasles-Cayley-Brill, to be 
the sum of the order and class of the original curve, and the 
two are of the same genus. For the original curve 


== 0 m = 2n+2(p—1). (28) 

For the transformed curve, 
p ==) Koz 0) n’ = 3n-+2(p—1) m' =3m. (29) 
Now let us see what will be the effect of a Halphen trans- 
formation on a branch of any order, it being assumed that the 


aE ea 


Pi 
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origin thereof is not on the conic and the tangent does not touch 
the conic, whose equation is still (vx) = 0. 


Xx = to Lo = A, 1!-... ha | 
AL; = Po Axe = p 0, tPi-Po... Az’ ao 
(wx) = 1447044 2 A, A, tPitPs 
4,9 


A(ax') = polP?-+ > y (pz pj )ayatjthit Ps Po 
i,j 


LY = —Potd d (pet Pj— 2p); HitPI+... 
BY2 = —P My HPP — po Ae tP2-P0— (py —po)UP1+ P+... 
LY's = Pol +4 Dd (pit p,)bPites-Po. 

If po <pi—pPpp the order is unaltered, but the characteristic 
exponents have been reduced. If py > p,—py the order has been 
reduced, and the characteristic exponents not increased. Hence, 
neither order nor characteristic exponents is ever increased, and 
one at least is reduced. Keeping on with successive transforma- 
tions, we see that the order of the branch can be brought down 
to 1, and that of no other branch has been increased. Thus we 
may carry over, step by step, to a curve which has only branches 
of the first order. Two such branches with contact of order c 
will be carried into two with contact of lower order. Remem- 
bering what we learned about such a curve two pages back, we 
reach 

Theorem 27] Any curve may be carried by a succession of 
Halphen transformations into onewhose only singularities are nodes. 

Let us next turn from the Halphen transformation to its 
inverse. We see at once from theorem 26] that the inverse 
curve is not unique, and we are led to the idea that there are 
an infinite number of curves that are carried over into a given 
curve. Let the transformed curve be 


Yi = Y(t). 
Let (r) and (s) be the points of contact of tangents from (y) 
to the conic. (rr) = (rs) = (ry) = (sy) = 0. 


An arbitrary point conjugate to (y) is 
x; = 1,(t)+ $(t)s;(t) 
& = (N+ H(O)s,()+¢'(t)s-(2). 
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Since (y), (x), and (a’) are collinear, _ 

[rr'y| el lrs’y|+ |sr’y|]+-9?|88'y|-+¢'|rsy| = 0. (30) 

Theorem 28] The problem of finding the curves of which a given 
curve 1s the Halphen transform, leads to a Ricatti equation. 

(r) and (s) are two solutions; the familiar properties of the 
cross ratios of four solutions of a Ricatti equation suggest that 
the different solutions of the inverse of Halphen’s problem have 
interesting relations to one another. 


(rr) = (ss) = (rr’) = (ss) =0 (ry) = (sy) = 0 
(rr) (rr’) (ry) 
lrr’y|? =\(r'r) (r’r’) (r'y)| = 0 
(yr) (yr’) (yy) 
|ss’y| = 0. 
Hence (30) becomes Ad b Bdies 0. 
If ¢, and ¢, be two solutions, 
$1$2—$261= 9. 

This shows that the ratio of 4, to 4, or the cross ratio of these 
two points with (r) and (s) is constant. We get the situation 
clearly in mind by considerations of non-Euclidean geometry. 
Let us take the fixed conic as the Absolute for a Cayleyan 
system of non-Euclidean measurement, the distance of two 
points being a constant multiple of the logarithm of the cross 
ratio which they make with the intersection of their line with 
the conic. Thus two solutions of the Ricatti equations give two 
curves cutting constant distances on their common system of 
normals, i.e. geodesically parallel. 

Theorem 29] If the fundamental conic of a Halphen trans- 
formation be taken as the Absolute for a non-Euchdean system of 
measurement, then a given curve and its geodesic parallels have the 
same Halphen transforms. 

An algebraic curve will always have an algebraic Halphen 
transform. Is every algebraic curve the Halphen transform of 
another ? Certainly not; there is no reason to expect that the 
Ricatti equation given above will lead to an algebraic curve, 
and it usually will not. We are face to face with a question 
very closely analogous to that faced in Book I, Ch. X: when 
will an algebraic curve have an algebraic involute ? The various 


—" 
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solutions of the Ricatti equation give us sets of moving points 
P, whose tangents are concurrent in @ the pole of the line on 
which all the f’s lie. This line, being conjugate to the tangents, 
is the common normal to all the P curves; its envelope, which is 
the polar reciprocal of the Halphen transform, is their common 
evolute. Since a curve and its polar reciprocal in a conic are 
algebraic together, the question becomes simply this: when is 
a given algebraic curve the evolute of some algebraic curve 
in a Cayley system of measurement ? The method of treatment 
thus becomes exactly that of Book I, Ch. X, and the result 
stated in Humbert’s Theorem 57] is correct if we replace ‘arc’ _ 
by ‘cosine of constant multiple of are’. 


§8. Rational determination of the characteristics of a 
curve 
As a last application of the Halphen transformation, let us 
approach a problem which may have occurred already to the 
thoughtful reader. Logically it should have been discussed 
much sooner, but we lacked the tools to do so in the easiest way. 
What do we mean by saying that an algebraic curve is 
‘given’? What is given? The algebraist will say the equation 
is given, and nothing else. But we have frequently assumed 
that we knew not only the equation but the situation of the 
singular points, and that would enable us by Puiseux’s method 
to determine the power-series developments, as well as the effect 
on genus and class. But when we have nothing available but 
the equation, the determination of the situation of the singular 
points may lead us to irreducible equations of high order, so 
that we do not really know where these points are, or what they 
amount to. Let us see if we can go at the matter otherwise. 
Let us first seek the class of the curve. This is obtained from 
the tangential equation, which in turn comes from eliminating 


x and y from af of 
uw C¢ vo 

4 —— (0) 1 oes —_—- = 

CAD) in a ek 

ol él 


The resulting equation may be reducible. There may be 
extraneous factors which are the tangential equations of the © 


po 
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singular points counted to a suitable degree. As each singular 
point of a curve is also a singular point of the Hessian, to as 
high or higher order, the same extraneous factors will appear 
in the tangential equation of the Hessian, and may be removed 
by a H.C.F. process. 

We next note that a Halphen transformation will always 
improve the structure of a curve, provided that we avoid certain 
dangerous positions of the fundamental conic. If the curve have 
the homogeneous equation 


F(% a, Lz) = 0 
and the conic have the equation 
C, 22+ c,x3-+0, 22 = 0, 


we may improve it by the transformation 


Ci Xz Cy Ly 
| 
6x; OL, 


By repeating the process a sufficient number of times, varying 
the c’s, we can come to a curve with no singular points but 
nodes. How do we know when we have got there? By seeing 
if the intersections of two arbitrary first polars are distinct. 
This also can be accomplished by rational means. We may find 
the class of the transformed curve as above. Knowing the order 
and class, and that the cuspidal index is 0, we can determine 
the genus, which is the genus of the original curve. Of this 
curve we know the order, class, and genus, hence all the other 
Pliicker characteristics. 

Theorem 30] If the equation of a curve be given, tts Pliicker 
characteristics may be determined by rational processes.* 

It goes without saying that we use the word ‘may’ in the 
poetical sense, that only a finite number of operations are, 
demonstrably, necessary. No man or superman could put the 
thing through successfully in a complicated case. Another 
method would be to find the order of the evolute of a general 
curve projectively equivalent to the given one, for this order, 
by (18) of the last chapter of Book I, is 3n-+v. This gives us 
v, and with n, m, and c we have all we need. 


* Cf. Néther?. His method is much longer than this. 
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CHAPTER VIII 


PARAMETRIC REPRESENTATION OF THE 
GENERAL CURVE. A SKETCH | 


§ 1. Riemann surface for the general curve 

We have had occasion at various times to note that a curve of 
genus 0 is rational, that is to say, we may express x and y as 
rational functions of an auxiliary parameter, which, in turn, 
depends rationally on them. We shall see in the last section of 


the present chapter that the coordinates of points on a curve . 


of genus 1 may be rationally expressed in terms of Weierstrass 
elliptic functions. In each of these cases the parametric repre- 
sentation, once obtained, offers the easiest way to study a num- 
ber of the properties of the curve. It is the main task of the 
present chapter to show that the coordinates of the points on 
any curve can be expressed in terms of an auxiliary parameter, 
to ‘uniformize’ the curve as the somewhat cacophonous techni- 
cal expression goes. We shall apply the method of uniformiza- 
tion to prove one or two fundamental theorems, leaving open 
the question whether there be many facts about the general 
curve that can be better found in this way than any other. 
A complete study of all the questions in the theory of algebraic 
functions which are involved in uniformization would lead us 
very far afield indeed; we have therefore entitled the chapter 
a ‘sketch’, and shall live up to that designation, giving the 
reader, anxious to go into the matter further, references to 
original sources. 
Let us begin with a curve of genus p > 1, 


f (x, y) = 0. (1) 

As we shall deal exclusively with birationally invariant pro- 
perties, we may assume that the curve has been suitably 
simplified, that is to say: 

a) It has no singular points but nodes. 

6) It meets the line at infinity in distinct non-singular points. 

c) It has no vertical asymptotes. 

d) No inflexional tangent, nor tangent at a node, is vertical. 

If, then, we construct the Riemann surface for y as a function’ 
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of x, whatever ‘construct’ may mean in this connexion, the only 
branch points are simple ones where two values of y coalesce, 
and they correspond to points of contact of vertical tangents 


in number m = 2(n-+p—1). (2) 


Let the superposed sheets of the surface be 8,,8,,...,8,, the 
corresponding values of y for a particular 2, y,, Yo)..., Y,- It may 
be shown by a discussion that is much too long to reproduce here, 
that a Riemann surface may be constructed with the following 
characteristics.* 

The branch points being P,, P,,..., P,,, there is a line of passage 
P,P, for the sheets s,, 82, along P,P, for the sheets s,s, and so 
on, along P,,,_;P,,-4 for the sheets s,,_»,8,_,. The values y,_, 
and y, will permute about each of the points P,,,3, Pong) Pn: 
We connect them in pairs by lines of passage for these two 
sheets. The number of these is 

3[m—2(n—4)] = p+1. 

This Riemann surface is not simply connected. We make 
it so by drawing two types of cuts. Each line of passage 
Pyn—14)-1Paxn-144 Shall be surrounded by a very close cut C; 
lying wholly on s,_,. The number of these will be p. We get 
p more as follows. We start with a point on the line of passage 
Pon-3Pon—2z and make a circuit D; partly in s,_,, partly in s,, 
which crosses this line and Py, 14-1 Pyn-14, and surrounds 
Pon—3Pon-14)-1- The number of these is p. The opposite sides 
of these cuts are treated as different arcs of the boundary, just 
as though the surface were slit along them and opened up. We 
get finally a simply connected region bounded by 4p different 
ares. They form p sets of four corresponding to the same sub- 
script, the first and third corresponding to a cut D, the second 
and fourth to a cut C. 

Let us look at the periods of the various types of integrals as 
we follow a cut C or a cut D closely. For an integral of the 
first sort there will be 2p of these. The value of an integral 
taken almost completely around a cut C will be the difference 
of its values at two near points separated by D, and the same 

* Cf. Picard, p. 367 ff. This type is called the Liiroth-Clebsch, and was first 


described by these analysts in the Math. Annalen, vol. iv, 1870. See also 
Enriques-Chisini, vol. i, pp. 381 ff. 


Aa2 
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is true when the roles of the letters are interchanged. The 
difference between the two values of an integral between the 
same two points, when taken by two distinct paths, will be of 


the form > m,¢;,+n,d;. 
v 


The general integral of the first sort may be written 
TyUy+TeUgt..- 1p Up 


where %,, U,...,U, are linearly independent integrals of the first 
sort. Let us see if we can choose the multipliers r to satisfy 
the equations 


26% =0(j#k) > Cx = 1, 


where c,; is the period for uw, around the cut D;. If the deter- 
minant of the coefficients were 0 we could find an integral of 
the first sort with a period 0 for every one of the first p circuits, 
and this is not possible.* 

Hence we may solve these equations for each value of k. We 
thus get p linearly independent integrals, known as normal 
integrals, whose periods follow the scheme already outlined in 
Ch. VIII: 


baie i te Pd 2 tai Yeu gg Dm 
Waa Nei au tts 9 by a epi A1y 
Ug) ord ccce tein a MM penn co Bike 15 fae (3) 
TREN ed ea ss hase, 


where a;; = a,;; by Cauchy’s integral. 


Let us next consider an integral of the second sort. We 
learned in formula (7) of Ch. II of the present book that we 
get such an integral by writing 


V = OyUy + gla... Oy Uy + leew gaat dx 
[ea gh + (Y—Yo ze by 


where (Xp, Yo) is a point of the curve, and % is an adjoint of order 


* Cf. Picard, pp. 407 ff. 
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n—2 that does not include the tangent line appearing in the 
denominator as a factor. 

We may determine the multipliers a,;, so that the period of 
this for each circuit D; is 0. We assume that the residue of the 
integral at the single pole (x, yy) is 1. Let 1, be the period for 
the circuit C,, which does not include (a, ¥)). We determine 
this indirectly as follows. Consider the integral 


bx(X, Y) 
| etn | vite ae I of we 


where ¢, is a special adjoint giving u,. Cauchy’s integral 
formula tells us that if a circuit include no pole of f(¢), and if 
6(t) have a single pole with residue 1 at a point z inside this 


circuit, 
fe) =, | sto at 


Applying this to v, since v is everywhere finite save at (Xp, Yo) 
where the residue is 1, the value of this integral is 


Oni Px(Xo> Yo) , 
of 
Yo 
But we may reckon it otherwise. On opposite sides of D,, the 
values of v differ by 1,, the period for u, is 1. On opposite sides 
of C,, the values of v are the same. Hence for the two arcs D, 
and the two ares C, we get l,. 
On opposite sides of D, the values of v differ by J,,, but the 
period of wu; is 0. On opposite sides of C, the values of v differ 
by 0. Hence, integrating all around, 


of 
OY 
The periods of v are 
Dee) eee); C; C; in Ce 
One 8S Ore a7 — Yo) oi = Yo) oh ae Yo) 


2Yo OY 2Yo 
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§ 2. Uniformization 

Our next task is to form a new type of Riemann surface, which 
usually has an infinite number of sheets.* We begin with the 
n-leaved surface of the Liiroth-Clebsch type just described, 
which we shall call the surface S,. Take a second such surface 
and attach it to the first along one of the cuts C in such a way 
that the included lines of passage coincide. Let this become 
a line of passage for the new surface S,S{. The new surface 
will hang together and be bounded. What we have done 
amounts essentially to this. We actually effect the cuts C and 


D on our two surfaces, getting two simply connected figures — - 


each bounded by 4p arcs C, D. We attach the two boundaries 
C,, of one to the two boundaries C;, of the other, and then 
obliterate these as boundaries. We have a new simply con- 
nected figure with a great number of boundaries, but not these 
particular two. We call this figure S,. We take another Rie- 
mann surface analogous to S, or Sj, attach it to S, along a OC; 
or D; cut, and obliterate that as before, getting a new surface 
S; and so on, till we get a surface S,,. Let us construct a Green’s 
function g, for this surface looked upon as a simply connected 
region of the plane of x = €+7% bounded by a curvilinear poly- 
gon of a very great number of sides. This function is analytic 
except at a single pole 0, in the vicinity of which it takes the 


form log. +4(€,7), vanishes on the boundary, and is a solution 
of Laplace’s equation 
0°g 
og? 
The proof that this function exists would lead us too far 


afield. 
At this point there are two possibilities open to us: 


ghee InlE,7) = GE, 9): 


ag 


oa 


Let h,, be the conjugate function to g,,; we write 
t,(£) = e-9n—thn, 
This is an analytic function of x =£€-+in which will take a 


* Cf. Osgood, vol. i, pp. 750 ff. t Ibid., pp. 661 ff. 
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particular value ¢,, where |t,,| <1 but once on S 
show that if 
limit g, =; limit h,, =h, limit t, = t= e-9-*, 


n» hence we may 


If, thus, S be the infinitely many-leaved Riemann surface 
which is the limit of S,, there will be but one point thereon 
which will give an assigned value to ¢, where* |t| <1. 

Hence ~ is a single-valued function of ¢, and so is y, since that 
is single-valued in x on the Riemann surface, and we have 

%= a(t) y = y(t) t= e-¥), (4) 

Suppose that we pass from one sheet of our infinitely many- 
leaved Riemann surface to another. This will correspond to 
a functional relation t' =f,(t). 


This transformation is single-valued and analytic, and carries 
the interior of the unit circle conformally into itself, hence it is 
linear.t The passage across a cut will correspond to one of these 
substitutions, and we have an infinite discontinuous group 
generated by 2p original linear transformations, all of which 
leave the unit circle invariant. If we mean by a fundamental 
domain within this circle a connex two-dimensional region 
which contains just one point equivalent under the group to 
every point within the given circle while the points of the 
boundary are equivalent in pairs, then we may bound such a 
domain by 4p ares of circles orthogonal to the unit circle. The 
interior and one-half the boundary of such a region will corre- 
spond uniformly to the points on the given curve. 

B) lim g,, = 00. 


nwo 


We arrive here at a similar result.{ The group for ¢ will be 
the doubly periodic group of elliptic function theory. We shall 
shortly see how we fall on this same group in the case of a curve 
of genus 1. If two curves correspond uniformly to the points 
of the same parallelogram they are in one-to-one correspondence 
with no exception. In such a correspondence the worst possible 
trouble would be a pole, hence the relation is birational, or both 
curves have genus 1. 

Fundamental theorem 1] The coordinates of the points of any 
algebraic curve of genus greater than 1 can be expressed as analytic 

* Tbid., p. 753. + Ibid., p. 721. { Ibid., pp. 721 ff. 
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functions of an auxiliary parameter t analytic in them. Each 
point of the curve will correspond to an infinite number of values 
of this parameter connected together in such a way that all are 
obtained from one by the linear transformations of an infinite dis- 
continuous group. The total group is generated by independent 
transformations equal in number to double the genus of the curve, 
each transformation leaving invariant a certain circle. 

Functions of this sort are defined as ‘automorphic’, and the 
group is called an ‘automorphic group’ .* 

‘Instead of starting with the Riemann surface and working 
over to the group, it is possible to reverse the process as follows.+ ; 

We start with a fundamental circle, and form a fundamental ~ 
domain by means of arcs of 4p circles orthogonal thereto, and 
corresponding in pairs under 2p circular transformations that 
leave the fundamental circle invariant. Let 

f at+P; 
vit ts; 
be a typical transformation of the set. A function F is said to 
be “Theta-fuchsian’ of degree v if 
P(t’) = FO) (yit+6,)”. 

Three such functions, 2,(t), x,(t), x3(t), will necessarily be con- 
nected by a relation 

f(%1, a, 3) = 0. 
Yat). aay 

a(t) a(t) 
will be automorphic, and the genus of f will be p. Poincaré 
undertakes to show by a very arduous and delicate process of 


counting constants that any curve of genus p can be reached 
in this way. 


The functions 
x 


§ 3. Applications of uniformization 


Suppose that we have a curve of genus p uniformized, so that 
we may write 


=a) y=ylt) t=ev, (4) 


* The credit for discovering this wonderful theorem is to be divided between 
Klein and Poincaré. Their original studies have required a great deal of 
elaboration before being finally perfected, the most indefatigable worker in 
the field being Koebe cit. The most recent account is to be found in Ford. 

} This is the original method of Poincaré, especially pp. 108 ff. 
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where a(t), y(t) are automorphic functions, as explained above. 
An integral of the first sort will take the form 


| ne D ae = | ©,(t) dt 
2a 
®,(¢) Ee pl x(t), y(t)] dae 


(5) 
r) dt 
ay! [ar(t), y(t)] 


The only poles of 
Pr(%Y) 

of 2 

ey 
when f has been simplified as indicated at the beginning of the 
present chapter, are the finite points with vertical tangents. 
Here 

€T— Xp = AxlY —Yo)* +-A3(y—Yo)> +... 


o 
Z— y-wlldo+ay—vo)+-] dy £0. 


Y—Yo = 1 (t—t)) +1,(t—ty)?-+... 


dx dx dy _ 
dt dy dt (Y—Yo)[Fo+9i(t—to) + .-.].- 


;,(t) = hy +hy(t—to) tho(t—ty)?+... , 
so that ®, is finite even at the branch points. 

Suppose that we have a group of NV points corresponding to 
the parameter values (,, ¢,,...,é. We may find an integral of the 
second sort ¥,(¢) such that it has simple poles at the points ¢; 
and nowhere else, and the scheme of periods is 


iii Sd ores ban 9 faoleed 6h Cerner eC 


Dp Pp 


0 0 . . . 0 277, (¢;) 271, (t;) . ° . 271, (¢;). 


he f i 
The function Pathak ps laden pny 


will be an integral of the second sort with a simple pole at each 
of our NV points, otherwise finite, the periods about the circuits 
D being all 0. If those about the circuits C are also 0, the 
function is single-valued and so rational on our original Riemann 
surface. Conversely, every rational function on our Riemann 


“4 md lee 
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surface porn - with simple poles at some of the points corre- 


sponding to 4, ty, ...,t, when looked upon as a function of ¢ is of 
just this type. 

The dimension of the complete series of which t,, ae sty is a 
group will be the number of linearly independent numerators 
which go with the proper denominator or the number of linearly 
independent integrals of the second sort 

PititPpotet...+py by: 


Since the periods for the circuits C are to be 0, 


at a tate ee ty) = =0 


P1 oD ely pt Ae ae ORE Sts ie 


We therefore construct the matrix 


®,(t,) P(t.) . ,(ty) 
a as (6) 


®,(t,) Opt.) . Op(ty) 


Let the rank of this be N—r. Then all solutions of the equa- 
tions are linearly dependent on r of them, or the dimension is r. 

Let us see next how many linearly independent special ad- 
joints there are through the group. As the relation of x to ¢ is 
one-to-one, we need not fear 


The non-singular intersections of 
$ilX, Y) =f(x, y) = 0 
will correspond exactly to the roots of ®,(t). We seek the 
number of linearly independent functions 
o9,+0,0,+...+0,0,, 
which vanish for the values ¢,, f,,...,y. This search leads to the 
matrix 
ae Pilt) Pelt) - Pp(A) 
' (7) 


,(ty) o sty) ©, (ty) 
which is essentially the same as (6). The rank of this is, by © 
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definition of 2, p—i, and that of the other N—r. This proves 
the Riemann-Roch theorem.* 

Our system of uniformization leads at once to the Weierstrass 
points. If tj be such a point, there is an equation 


PxPi(t) + p2P2(t) +... + p,P,(t) = 0, 


which has a root t=, of multiplicity p or greater. The deri- 
vatives of this function up to the (p—1)th must vanish, or 


Dialects 4 Dette) 
Diltg) oer vo ve Dolte) arg: (8) 


DP M(to) . OP V(Ep) 
This is a Wronskian determinant, and could not vanish 


identically unless the functions were linearly dependent, which 
they are not. 


§ 4. Curves of genus 1 

The methods just developed do not apply to curves of genus 
1 or 0. These deserve further study beyond that already given. 
We confine ourselves in the present section to curves of genus 1, 
elliptic curves, as we have called them. We saw in Ch. V of 
Book III that every such curve could be birationally trans- 
formed into a non-singular cubic. If we place this curve so that 
there is an inflexion at the end of the y-axis, the line at infinity 
being the inflexional tangent, the equation becomes 


e+ Aa?+ Bry+ Cy?+Da+ Hy+ Ff = 0. 
The conic polar of this inflexion is the infinite line and 
Bu+2Cy+H=0, 


which we take as the x-axis, so that B= H = 0, the Cartesian 
coordinate system being perhaps oblique. The line polar of the 
end of the z-axis will go through the infinite inflexion, and we 
take this as the y-axis. Lastly, we may multiply x and y by 
suitable constants to get the new canonical form 


y? = 43 —9.%—9s. (9) 


* This proof was communicated to the author by Prof. Osgood verbally in 
Nov. 1927. See also Picard, p. 432. 


= 
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NG 
This curve has a single Abelian integral of the first sort: . 


u=[, (10) 


so that we have, conversely, a parametric representation in 
terms of the Weierstrass doubly periodic elliptic functions* 
e=O(u) y=G'(u) — E(w+2myw,+2mw,) = E(u). . (11) 
Consider the intersections of the cubic with a curve of order 
n, which is necessarily adjoint, since the cubic is non-singular. 
Let the corresponding parameter values be 1, U,-..,%g,- Then 
by Abel’s theorem 4] of Ch. II, present book, 
Uy +Up+...+Us, = K (mod 20, 2ws). 
Consider, in particular, a straight line 
Uy +Up+Us = K (mod 2w,, 2s). 
Corresponding to the line at infinity we have w= 0, so that 
K=0. Hence three points are collinear when, and only when, 
U,+Us+us = 0 (mod 2w, 2ws). (12) 
A curve of order n may degenerate into lines, hence we 
have here also K = 0. 
Uj +Ug+...+Us,, = 0 (mod 2w,, 2s). (13) 
If we have a system of curves of a given order whose only 
limitation is that they pass through fixed points of the cubic, we 
know, by theorem 6] of Ch. I, Book III, that they will cut a com- 
plete series. For the variable points of sucha series we shall have 
Uj tUg+...fuy = C (mod 2w,, 2ws). 
Conversely, any such set will be residual to any set where 


UnysytUnsgt---+Ugn = —C (mod 2a,, 2ws), 
so that they form a linear series which is complete since the 
number of points exceeds the number of parameters by 1, the 
genus of the base curve. 

Theorem 2] The coordinates of the points of a curve of genus 1 
may be expressed as rational functions of the Weierstrass elliptic 
functions @(u) and its derivative g'(u). The N.S. condition that 
a series of growps of N points should form a complete linear series 


* This is, of course, classic. Cf. E. C. Burkhardt?, p. 46, or White, p. 123. 
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as that the sum of the corresponding coordinate values u should be 
constant, within the moduli of periodicity. 


If > u;+ > us=0 (mod 2w,, 2ws) 
Date = Oi, Cee) 

Dire MeO. re), 
Then YytD.w=o0( ,, ee) 


This is, of course, nothing more nor less than the residue 
theorem. 

The only birational transformations of the curve into itself 
which have the value 1 are of the type 


u-tu' = K (mod 2a,, 205). (14) 


The points with parameter values u, —u’, and —K being col- 
linear. A birational correspondence with negative value can 
only have the value —1, as otherwise the number of coinci- 
dences would be negative. The product of a correspondence of 
positive value, with one of value —1, would be one of value 
—y, hence y=1, or the only birational correspondences of 
positive value are those of value 1 given by (14). As the product 
of a correspondence of value 1 and one of value —1 is one of 
value 1, so every correspondence of value —1 is the product 
of two of value 1, and can be written 


w' —u = 0 (mod 2a,, 2s). (15) 
Clearly there can be no birational transformation of value 0, 


for then our curve would have a g} and be rational. 
If the tangent at uw; meet the curve again at wu, we have 


The four points whose tangents pass through wu correspond 
to the coordinate values 


U U U U 
tie 2 SEP ae arose ha Denes ge acre icas 
2 
U4—Uy., Ug —U w 
Sih a alae (=) ; (16) 


This number is independent of u and is a function of the only 
birational invariant or modulus which the curve possesses. 


366 PARAMETRIC REPRESENTATION | Book IIT 
Suppose that, more generally, we have a birational trans- 
formation of the curve into itself: 
wu’ = f(u). 
Since this function is single-valued and analytic, with a single- 
valued inverse, it must be linear, or we shall have 


, au-+B 
u' = ——., 
yu+s 
We have thus three types of transformation: 
eee WU == Ob u' =u+f. 
u 


The first of these cannot be algebraic, for it will not carry a ) 
complete series into a complete series. The third is familiar. 
The only interest is in transformations of the type 


Uw = at. 
As these must carry periods into periods, we must have 
ty = Ay W 1 +Ay3W3 Aig = Ag W Agg Ws, (17) 
where a,; are integers. Dividing through by «, and noting that 


working inversely, the coefficients which express w, and w, in 


(60) (63) . 
terms of —! and —? must be integers, we have 
(e4 e4 


41 %33— A343, = + 1. 
On the other hand, the compatibility conditions of equations 
(17) give us 


a — 
Rae SS a— (a1, +433)a-+1=0. 


31 Agg— 
If a be real, so is a—a,,, but the theory of elliptic functions 


tells us that “? ig complex.* Hence 


oat) 
Ay3 = Az; = 0 1433 = + 1 Cee a 
We are thus led back to something familiar. If « be complex, 
(441 +433)" +4 < 0. 
Either (a4,,+433) = 0 a=+1, 


or (@4,+a33) = +1 a=t+wora—+?; Gee Ee 


* Burkhardt?, p: 34. 


transformation of our curve.* It is to be 


gl as 

Ws r 
EE here ~p, q v are integers, illustrating the principle already 
mentioned that correspondences without value do not exist on 
curves of general moduli of periodicity. 


_ * CE£. Abel?, especially pp. 426 ff. Our discussion follows Rene 
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CHAPTER IX 
RATIONAL CURVES 


§ 1. Binary apolar forms 

WE learned in theorem 3] of Ch. VII, Book I, that the co- 
ordinates of the points on a curve of genus 0 can be rationally 
expressed in terms of an auxiliary parameter, and in Liiroth’s 
Theorem 22] of Ch. VIII that if x and y be rational functions, 
not both constants, of an auxiliary parameter, the curve so 
defined, if irreducible, is of genus 0. The general parametric . 
representation of a curve of order m and genus 0 is, thus, 


pr, = f(t) pa = f(t) pts = f(t). (1) 
For many purposes it is better to use two homogeneous para- 
meters instead of the single parameter ¢. Reverting to the 
Clebsch-Aronhold symbolic notation explained in Ch. V, Book I, 
yeaa Ag = A,€,+A€o, etc. 
px = ae pt, = be p&s = Ce. (2) 
There are two invariant operators frequently employed in 
connexion with these forms, which we explained when we first 
took up invariants in that chapter. There is first the polar 
process or polar operator 


of of #| 
> 3 
Ak Tee +12 0, ( ) 
and the Cayley operator 
a 40 
1 a, a, {= 
No 38 as FE, £2, M1 2) —. (4) 
On, Ong 


where 7, is the order in €,, €, and n, the order in 7,, 75. The 
rth polar of (7) with regard to az is a;az". If we apply the 
Cayley operator k times to ap be, we get 

|ab [Maes *bee- 


This we have defined as the kth transvectant of a® on bt. It 


é 
is also (—1)*x the kth transvectant of : on az. 
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Definition. Two binary forms of the same order are said to 
be ‘apolar’ if the last transvectant of the one on the other is 0. 
If the given forms be ae and a”, the condition for apolarity is 
laa’ |" = 0. (5) 

If we prefer a non-symbolic notation, and write 


att = ay et nay Et +... + (a, ee + 


agh = ay ettnay etka +... + (Taney res + 
then (5) takes the form 
Ap, — NAA}, y+... +(— 1) (ay rt seer O; (6) 

Since the a’’s are perfectly arbitrary, this simply tells us that 
the a’s are connected by a linear homogeneous equation. 

Theorem 1] Jf the coefficients of a binary form be subjected to 
a linear homogeneous condition, the form is apolar to a given form, 
and conversely. 

Theorem 2] k binary forms of the nth order which are linearly 
independent are apolar to n+1—k linearly independent forms of 


that order. 
Tf the roots of oursecond form be (7n}75),(n}73),....(n773), So that 


at = ag |Eq*|-|E?|... 1&0", 
the condition for apolarity is 
Aye +++ Ayn = 0. (7) 
Theorem 3] The N.S. condition that two binary forms of the 
same order should be apolar is that if we polarize the first with 
regard to a root of the second, and that polar with regard to a second 
root, and so on, the root of the last form so obtained should be the 


last root of the second form.” 
Suppose that the second form has a root 7 a multiplicity r 


so that a’ = ee = |fy [ran 


The apolarity condition is 
af, jaa" |"* = 0. 
Theorem 4] If the second of two apolar binary forms of order 
n have a root of multiplicity r, then that factor of the form which 


* Cf. Pitarelli. 
3781 Bb 
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is independent of that root is apolar to the rth polar of that root 
with regard to the first form. 

The most interesting case is where r = n. 

Theorem 5] Jf a binary form have only one distinct root it is 
apolar to every form of the same order which shares that root. 

Theorem 6] A binary form of order n is apolar to as many — 
perfect nth powers as it has distinct roots. 

Theorem 7] If a binary form of order n be apolar to any form 
with n distinct roots, then it 1s a linear combination of the n poly- 
nomials of that order, each of which has as its only root one of 
those n. 

§ 2. Determination of the equation of a rational curve 
Suppose that we have the three equations (1). How do we find 
the corresponding trilinear equation of the curve? We must 
first eliminate p twice, giving 
fs(t)x—f, (fxs = 0 fa(t)X2—fa(t)xs = 0, 
and then eliminate ¢. This operation may become very cumber- 
some in practice. Here is another which is shorter but less 
obvious.* We start with a cubic: 
x, = a?+bt?+c,t+d,. 
We write this in three different forms: 
(a,t—b,)#?+c¢-+d,;.1+2,(—1)=0 
(a,f)2+ (b¢+¢,)t-+d,.1+2,(—1)=0 
(a,;t)t®-+ (b,t)t+ (ct-++d,).1+-2,(—1) = 0. 
Giving 2 the values 1, 2, 3, we get three proportions: 
#@:#:1:(—1) 
= |eda| : —{|ada|t+ |bda]}: {\aca|t+ |bea|} : —{lacd|t+ |bed |} 
= {|bda|t+ |cda|}: —|ada|t: {aba |t+ |aca|}: —{labd|t2 |acd |t} 
= {|bea|t+ |bdx|}: —{\acx|t+ |ada]} : |aba|t: —{|abe|t?+ |abd |Z}. 
Hence |jada|t?+ |bdx|t + |edx] = 0 
|aca:|t?+-[|bea|+- |ada|]é+ |bdx| = 0 
|abx |t?+- |aca|t + |adx| =0 
|ada| bda:| |edar| 
|acx| |bex|+|adx| |bdx| |= 
|abx| acx| |adz| 
* Cf. Rowe. 
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The generalization to a curve of order n is easily effected, but 
clumsy to put into words. 


§ 3. Groups of intersections 
Let us revert to our parametric form (2) and ask under what 
circumstances will the points corresponding to the parameter 
values (tH¢}), (¢7é2),..., (4%) lie on a line. There are n—2 linearly 
pe ueR rest binary forms or order n apolar to a?,b¢,cz. Call 
these A?, BZ,.... Tf (t{t3), (4{t§),... be roots of a form that is apolar 
to all of aos that form must be a linear combination of 
A, B,.... The N.S. condition is, then,* 
Ape TBs =... 0: (8) 

Theorem 8] The N.S. condition that n sets of parameter values 
(t1th), (t712),... for the curve (2) should correspond to points of a line 
is that they should satisfy the n—2 equations (8) where Az, Be.... 
are n—2 linearly independent binary forms apolar to az, bz, cz. 

Let us generalize so as to find out when nv points lie on a 
curve of order v: $” (a4 pp 2) = 0. 


This polynomial is a linear combination of terms of the form 
XPUGL p+q+r=v. 
If, thus, A”, B?’,... be a complete set of forms of order nv apolar 


ee eet 4 Bs aa 20, (9) 


The reasoning is reversible. This gives 

Theorem 9] The N.S. condition that nv sets of parameter values 
should give the complete intersection with a curve of order v 1s that 
all the equations (9) should be satisfied, where Az”, Be’... are the 
complete set of forms of order nv apolar to all forms (az) (bz)"(cz)’; 
pt+q+r=y». 

There is a more beautiful way of exhibiting these conditions 
when the parameter values giving the singular points are known. 
Suppose, first, there are no singular points but nodes corre- 
sponding to the pairs of parameter values 


(nnd), (2153)s (ind), (C122); 
We may multiply through by such etree that 


an = Ap, Ay: = Mpa... 
* See the important, though obscurely written, Meyer’. 
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Under these circumstances the form |éy*|"— |&¢*|" is apolar 

to az = a ahs as Ce, and so, by theorem 8], ) 

(n—1)(n—2) 


a (10) 


Uf ey i} = a I (eee t= 1, 2 yevey 

We ee here a set of necessary conditions for collinear points. 
To show that they are sufficient we must show that among the 
(n—1)(n—2) 

Tag 

linearly independent. 
Suppose the number is n—k. There will be apolar thereto ~ 
k-+-1 forms 


forms |£y'|"—|é¢‘|" there are n—2 which are 


If we write 
we have in a space of k dimensions 


Diyos. Leah: 


(n— me 1)(n—2) 


a space curve of order 7 with at least +_— double points 


corresponding to the parameter values ats (213). Butifk>2 
we can project down to a rational plane curve of order less than 


n, with at least ee double points, which is absurd. 


We can extend the process as before. A necessary condition 
that vn or (t1t}), (¢243),... should be on a curve of order v is 


(n—1)(n—2) 


ti =F ti nn ye 
TH y¢| = TY ee" 1= 1, 5 


(11) 
To prove the sae sufficient, we proceed as in the case 
before. If we have not here a complete set of forms 


[71(€)]”[xo(E) "xs () 


apolar to |&x*|""— |é¢‘|””, but if there be certain others Be kong BY. 
then the two curves 

Xpiqir = (@ ae (be) %(c ey” 

Xo = (a%)»(09) (gy X,=AP X,—By 
lying in spaces of a different number of dimensions we the 
same double points (7), (£4), which leads to a contradiction. 


—e 
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Theorem 10] If the curve (2) have no singular points but nodes 
corresponding to pairs of parameter values (7'), (£*), the N.S. con- 
dition that points (t') should be a complete intersection is that (11) 
shall be satisfied. 

Suppose that two of our intersections tend to coalesce at 
a node 


ti = nj +6, = +8, i= ley tf = (2+ €2, 
where 6), 55, €1, €) are infinitesimals, 


JePg l= [Bayt] RY = [t+ [802 


yt] = (ON len!| [PO = [et 
[yt | nt ys Sn 
EC [BLT [ef| 


Our conditions for non-singular intersections with an adjoint 
will be 


j=nv—(n—1)(n—2) j=nv—(n—1)(n—2) 
|éq*| = K IT jee". (12) 
= Jie 

Conversely, when these equations are given, we can find such. 
infinitesimals that they are the limiting forms for (11). They 
therefore give the N.S. conditions for a set of points to be the 
non-singular intersections with an adjoint. An easy proof of 

the residue theorem will come at once. 
Suppose that our curve has a singular point of order k given 


by parameter values (y}7}), (n?73),..., (n¥n¥), so that 


C= 0. vee = Ones Of = «.. = Oe; C= ve = Chee 
Let Pit Pet. +p, = 9. 


We have k—1 linearly independent sets of p’s, and the form 
PylEq |" + Dalen? |" +. FP elea* |" 
is apolar to kaa bz, cz. We thus get k—1 conditions 
I (ty! Epa! jn?) +. epee |t'n*| = 0. (13) 


These are necessary for ie points to be dees There will 
be similar conditions for the other singular points. We show 
that these conditions are sufficient exactly as before. 


“Z- ~~, ae 
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§ 4. Equations and conditions for singularities* 
Let us rewrite the homogeneous parametric equations for our 


given CULV” og a= at par, — bY pir, = cl (2) 
If (uw) be the tangent at the point (7), 
ox Ox 
7) w— l= 0 (14) 
( ae ( Ons 


U, = |be|bptcht Ug = |calcy tay Us= lab |at—1hn—1, (15) 
- The polynomial in (€), (wa) is divisible by |&y|?, hence we get 
the remaining intersections with the tangent, the tangential 
aes as they are sometimes called, by writing 
En ig, pllOelOs ten tae + |ealen— tay 1bE + |ab|ay- ss *cZ] = 0. 
This may also be written 
Rs a ee 
| ep e aya, by 1b, Cy Cy | = 0. 
ad, bmp, on Te, 
By Taylor’s theorem, 
&,\" 1, [énl|_, m(m—1) 2 |&n|? 
eee (ae) n n—1 q?-2, Meh 
a= (2 |a-+nay a, ss + iS a "ay 8 + 
Substituting in the determinant above, we get, after a little 
manipulation, 
FE, n) = |be|.|ca|.|ab|ay—*b7 cn *e8—* + [En | P(E, ) = 0. (16) 
To find the points where a tangential coincides with a point 
of contact, we put €; = py;: 
|bc|.|ca|.|ablaz-*be ce? ==0, amine & °s: 
The degree is 3(n—2). The roots are the inflexions each counted 
» times and the cusps each counted v times: 


pu+vK = 3(n—2). 
By Pliicker’s equations, when p = 0, 
t+ 2k = 3(n—2). 
Theorem 11] If the rational curve (2) have no singular points 
but ordinary ones and cusps, and no singular tangents but ordinary 


and inflexional ones, the roots of (17) give the inflexions counted 
once and the cusps each counted twice. 


* The present section is based on Meyer®. 
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When the curve has higher singularities, we see by continuity 
that this equation gives the total inflexional index of each 
tangent counted once, and the total cuspidal index of each point 
counted twice. 

If, for present purposes, we indicate the resultant of two 
binary forms ¢,, ¢, by R(¢,,¢2) and remember that the dis- 
criminant of a binary form is the resultant of its two partial 
derivatives, we see that the points of contact of bitangents are. 
obtained from (16) by writing 


n(e Fe Ey (18) 


Now the partial derivatives of F' are of degree (n—3) in (€), 
and degree 2(n—2) in (7). Hence (18) is of degree 4(n—2)(n—3). 
We have from Pliicker’s equations 


27+ «(m—3) + 2x(n—3) = 4(n—2)(n—3). 


We shall find among the roots of (18) the points of contact 
of bitangents, and of tangents from the cusps. Also, if (y) be 
a cusp, the coordinates of the tangent are illusory, and we get 
other solutions. 

Theorem 12] Jf a rational curve be limited as im the last 
theorem, the equation (18) is reducible. One factor gives the points 
of contact of bitangents, a second those of tangents from cusps, 
and a third the tangential points of the cusps, each counted twice. 

If we look upon (16) as an equation in (7) and write its dis- 


criminant, we get 
R(= 5) =0. (19) 
On, Ne 
The degree in (€) is 
2(2n—5)(m—2) = 28-4 2n-++ (n—3)(t-+ 2k). 


Two (n)’s corresponding to the same (¢) will coincide if that 
point be a node, for then we have coincident tangents to one 
branch from a point on another, if the point be a cusp, or if it 
be a tangential point of a cusp or‘an inflexion. 

Theorem 13] If a rational curve be limited as in the last two 
theorems, the equation (19) will be reducible. The roots give the 
nodes (or equivalent ordinary singularities), the cusps, and the 
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tangential points of the cusps each counted twice, and the tangential 
points of the inflexions. 

The general rational curve has no cusps. Hence, for the 
general curve (18) will merely give the points of contact of 
bitangents, and (19) the nodes and the tangential points of 
inflexions. What conditions must be imposed on our equations 
(2) that at least one cusp should be present ? 

The conditions for a cusp at (7) are 


7 aL 1 
ata, tbe Cy *Ce 
|be|bp-tcn—* = |ca|cn tant = |ab|ay—1b7-* = 0. (20) 


If we equate the first two only to 0, then either 


htc, = Che, = 0 
or else the third vanishes. The resultant of the first two is then 
reducible. The first factor gives the required cuspidal condition, 
the second is a power of the discriminant of c”. The resultant 
of the first two is of degree [4(n—1)] in the actual, as distin- 
guished from the symbolic, coefficients of the form cj. The 
discriminant of this form is of degree 2(n—1) in these coeffi- 
cients, hence, as the cuspidal condition must appear somewhere, 
the discriminant can come in to the first power only. 

Theorem 14] The resultant of the first two polynomials (20) 1s 
reducible. One factor is the discriminant of the form ci, the other 
factor equated to 0 gives the N.S. condition for the existence of 
a cusp. It is of degree 2(n—1) in the coefficients of each of the 
given binary forms. 


If we return to (16) and set 


|bc|.|ca|.|ab|at—*b7 °c? = 0, (21) 
we get an equation to determine the points whose tangents have 
three-point contact. These are inflexions, cusps, and points of 
undulation, that is, points, when such exist, which are non- 
singular, but whose tangents have at least four-point contact. 
These are all intersections with the Hessian, but whereas at an 
inflexion the Hessian cuts across simply, at a point of undula- 
tion, which counts for two adjacent inflexions, it is tangent, and 
at a cusp it has a singularity. The discriminant of the left-hand 
side of (21) must be factorable. One factor gives the cuspidal, 
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the other the undulational condition. Its degree in the actual 
_ coefficients of each form is 6n—14. 

We may look for the points of undulation elsewhere. The 
roots of (18), in the general case where there are no cusps, go 
together in pairs, giving the pairs of points of contact of bi- 
tangents. Let us write it 

cen to 2(n—2)(n—8) factors. 
The condition that two roots of a pair should fall together is 


lee’ |?.[ff" ?. gg" /?... = 0. 

This is of the second degree in the coefficients of (18), and 
so of degree 4(n—3) in the coefficients of each of the original 
forms 6n—14 = 4(n—3)-+2(n—1). 

Theorem 15] The discriminant of the left-hand side of (21) is 
factorable. The vanishing of one factor gives the cuspidal condt- 
tion, that of the other the undulational one. 


BOOK IV 
SYSTEMS OF CURVES 


CHAPTER I 
POSTULATION OF LINEAR SYSTEMS BY POINTS 


§ 1. Fundamental properties of linear systems 
WHEN we first began the study of linear systems of point-groups 
on a base curve, we said that such groups were defined by linear 


systems of curves. These secant curves served only to determine — 


the groups, now it is time to study them for their own sakes. 
The knowledge which we have acquired from the study of point- 
groups will be vitally important in this study. 

Definition. The system of all curves of a given order linearly 
dependent on r-+-1 linearly independent curves of that order 
shall be called an ‘r-parameter linear system’. Since the general 


curve has Nag tl independent coefficients, the total system 


of these curves is in one-to-one correspondence with the points 
of a projective space of NV leh dimensions. An 7-para- 


meter linear system will correspond to the points of a space of 
r dimensions therein. Through it will pass N—r—1 linearly 
independent hyperplanes. 

Theorem 1] If the coefficients of a curve of order n be subjected 
to oe —r—1 independent linear conditions, but are otherwise 
entirely free, there will result an r-parameter linear system and, 
conversely, every r-parameter linear system can be reached in 
this way. 

The general r-parameter irreducible algebraic system of curves 
may be expressed in the following fashion outlined in Book I, 
Ch. I, theorem 15]: 


D Upgsthx$a3=0 ptqts=n 
Angs = ‘nqs(Xo» Wy, +++y Lp +4) (1) 


P(Xq, Vys +++) p41) = O. 
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Here all of the functional symbols stand for homogeneous 
polynomials, and all variables are homogeneous. The degree of 
the variety ¢ is called the ‘index’ of the system. It will be the 
number of intersections with the general linear Sy_,. The 
totality of curves through r given points will also correspond 
to points of a line Sy_, though not the general Sy_,, for the 
requirement of passing through an assigned point is a special 
type of linear requirement on the coefficients of the curve. The 
general Sy_,and an S,_, which requires a curve to pass through 
some r points could only intersect the variety of r dimensions 
in a different number of points if the requirement to pass 
through some r points imposed a peculiar restriction on a curve. 
But every curve passes through as many points as we please, 
so the requirement to pass through some r cannot be peculiar, 
or the index of the system is the number of curves through 
r general points. 

The index of a linear system is 1. Conversely, a one-para- 
meter algebraic system of index 1 would be represented by an 
algebraic curve of the first order, ie. a straight line. We may 
give it by equations of the form 


Qngr = Opgr tT Uprgr> 
so that we have a pencil of curves. 
Suppose that we have proved that every (r—1)-parameter 
system of index 1 is linear. The general curve through a point 


($a) WHE De Ata t bat = 0. 

Let 5, be a curve of the system which does not contain (7, ¥;). 
Since the general curve of the system meets 7, somewhere, and 
all of the curves of the system through any point of are 


linearly dependent on % and an (r—1)-parameter linear system 
through (2,,y,), the general form for the linear system will be 


Ao Potrr Pit. +A, = 0. 
Theorem 2] An algebraic system of curves of the same order, 
whose index is 1, is a linear system. 
We get at once from Book I, Ch. VII, 10], 
Bertini’s Theorem 3] The general curve of a linear system has 
no singular point which is not a fixed point for all curves of the 
system. 


380 POSTULATION OF LINEAR SYSTEMS Book IV 


Suppose that the general curve of a linear system is reducible, 
and that it has two irreducible parts, one of degree ”,, the other 
of degree ny. If both were variable and the degrees different, 
there would be a variable singular point, which is intolerable. 
Tf the orders of the two were different, one at least would have 
to be a fixed curve. If n,—=%,, and both parts were variable, 
since two could not intersect in a general point and produce a 
singularity; there would be but one curve of order n, through 
a general point, or the system consists in groups of curves 
of a pencil. 

Theorem 4] If the general curve of a linear system be reducible, _ 
then either all curves of the system have a fixed factor, or else the’ 
system consists in groups of curves of a pencil. 


§ 2. Systems defined by simple points 
The easiest way to define a linear system is to require the curves 
to pass through a certain number of specified non-singular 
points. These points shall be called ‘base points’ for the system. 
The base is said to be ‘complete’ if every curve through the 
assigned points does not, necessarily, pass through any other 
points. Eight points will not form a complete base for a system 
of cubics, for all cubics through eight points pass through a 
ninth. 

If we have n points, we can pass a line through each in any 
desired direction. 

Theorem 5] n or fewer points will form a complete base for 
a curve of order n. 

The curves of order through n or less than n points pass 
through no other points, of necessity, hence we get from 4] 

Theorem 6] If the order of the curves be at least as large as the 
number of base points, the curves are not, necessarily, reducible. 

A base shall be said to be ‘normal’ for curves of a given order 
if the conditions which its points impose be independent. If the 
number of conditions be less by s than the number of points, 
the base is said to have the ‘superabundance’ s. Thus, nine 
points are usually a normal base for a cubic, but the inter- 
sections of two cubics have superabundance 1. If a base be not 
complete, the base obtained by adding the new points which 
must be common to all curves of a certain order through the ~ 
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original points is superabundant. To determine the super- 
abundance of a group of points (24,44), (a, Yo)s-+) (ty Yy) We 
examine the rank of the matrix 


nr mwn—1 nm—1 
Ly UY, . . ¥f 2 - 6 1 Y, 1 


nm »wn—1 rm ~n—1 a 
vy uv, Yp - -Y x, 2 + Wy Ls Brea 


If the rank be v—s, we can pick v—s of these points which will 
impose independent conditions on a curve of order n, but a 
larger number will not impose independent conditions. 

Theorem 7] The superabundance of a group of points for curves 
of a certain order is equal to the difference between the number of 
points in the group and those in the largest normal sub-group. 

We get immediately from Book I, Ch. II, theorem 25], 

Theorem 8] If two curves intersect only in ordinary points, 
their intersections form a normal base for every curve whose order 
as as great as the sum of their orders. If the order of the new curve 
be the sum of thewr orders less l, the superabundance is 4(1—1)(I—2). 

If the order of the two curves be n, and n, where n, > 7p, 
the superabundance of their intersections for a curve of order 
Ny = Ny+Ny—Ny IS 3(M2—1)(n,—2). 

Theorem 9] The superabundance of the growp common to two 
curves for a curve of the greater order is the genus of the general 
curve of the lesser order.* 

Suppose that we have a group of v points which lie on a single 
curve of order n. The number of conditions which they impose 
is v—s. If they lie on more than one such curve, and if they 
have the superabundance s, the dimension of the system of 
curves of order n through them is 
n(n+3) 

2 

This exceeds by 1 the dimension of the series which the curves 
of the system cut on one of their number. The dimension of 
this complete series is thus 

a n(n-+3) 
2 
* Cf. Gambier’, p. 206. 


rtl= —v-+s. 


er 
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The order of the series is 
N =n?—-v. 


The general curve has no singularity by Bertini’s Theorem 3], 
hence its genus is 


n(n—3) 
5 +1, 


N—r=p-—s. (2) 


We thus get, by the Riemann-Roch Theorem 25] of Book III, 
Ch. I, 

Theorem 10] Jf a group of simple points be complete or incom- 
plete for curves of a given order, and lie on more than one such. ° 
curve, its superabundance is equal to the index of specialization 
of the residual group common to two such curves. 

It is curious that the problem of finding superabundant 
groups for curves of a given order should thus be thrown back 
upon that of finding them for curves of order three less. 

The index of specialization of a group of points on a curve 
of genus p is surely 0 if the number of points exceed 2p—2. 
Hence we have 


8 = 0 if n2’—v > n(n—3); ie. if n>5 


Theorem 11] A group of points is normal for a curve whose 
order exceeds one-third of the number of points in the group. 

We may generalize our theorem 10] to a small extent by 
considering the series which our curves cut on a curve of higher 
order. This obviates the difficulty of finding the series desired 
when there is but one curve of order n through the points of 
the base. Let us find the series cut on a curve of order n-+-a. 


N=n?+on—v r= me) vce p= acl: a4 


1=ptr—W ep BCH), (3) 


Theorem 12] The superabundance of a group of points for 
curves of a certain order is less by Seales 
specialization of the residual group cut by these curves on a general 
curve of order x greater through the given group. 


than the index of 


a 
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We may generalize 11] in another way. If s > 0, the residual 
group is special, and so by Clifford’s Theorem 30] of Book III, 
Ch. I; 

n2—y > n(n+3)—2v—2- 28 v—3n > 2(s—1). (4) 

Theorem 13] If v points lie on an infinite number of curves of 

v—3n 
qT: 

5} a 

It is quite easy to construct groups of points having various 
amounts of superabundance if we proceed step by step. Let us 
take a quartic. The smallest superabundant group contains 
twelve points; it will be residual to four collinear points and so 
consist in the intersections with a cubic. Fifteen points, if they 
lie on two quartics, have superabundance 2, and sixteen super- 
abundance 3.* 


order n, their superabundance cannot exceed 


§ 3. Postulation by means of singular points 

The postulation of linear systems by simple points generalizes 
very easily to postulation by means of singular points. The 
terms base, complete, normal, going over immediately. We shall 
say that a base is ‘complete for singular points’, if the curves 
of given order through it do not necessarily have other singular 
points of higher multiplicity than desired, or, what comes to 
the same thing, these curves have really the genus imposed 
upon them by the conditions assumed. Let the base points be 
P,, Po, ..., their respective multiplicities r,,75,.... It has the super- 
abundance s if the system of curves through it have the 


dimension 
n(n+3)_ rire t}) 
ee. 


We shall confine our attention to those cases where there is 
more than one curve of the system with the given base. 

Theorem 14] If a base be complete for singular points, then all 
the curves of the system, but at most a sub-system depending on 
a lesser number of parameters, have the same adjoints of every 
order. The genus of the general curve is the dimension of the 
system of special adjoints. 

Consider next the series which the curves of the system cut 
on one of their number. This shall be defined as the ‘charac- 


* Tbid., p. 165, where quite an elaborate table is given. 
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teristic series’ of the system. Its order is defined as the ‘grade’ 
of the system, no fixed intersections being counted. 


_nln$3)_ ret) 
NS Sage eee ee ae 


n(n—3) r(r;—1) 
oye ne »2 ee (9) 


Let us now show that this series is complete. Let f be a curve 
of the system which we take as base curve, f, another generic 
curve, which cuts f not only in the base but in the group G. 
Let an adjoint ¢, cut f in two groups G,, G,. Let G, be a group © 
of the complete series defined by G,, i.e. a general group residual 
to G,, the two being cut by the adjoint ¢,. Consider the curve 
fide Itwillhave at P; the multiplicity 27,— 1,and will contain the 
groups G,, G,, G5. Hence, by Noéther’s fundamental theorem 3], 


Book IT, Ch. IV, 
fide = f+ difo- 


Here f, is a curve of the same order as f,, and it has at P, the 
multiplicity r;—1 at least. We proceed to show that, in fact, 
it has the multiplicity 7;. Let. us suppose that this point is the 
origin and that no other point of the base is infinitely near, 
a state of affairs that can always be brought about by a suc- 
cession of quadratic transformations, and they will not alter the 
statement of the theorem we wish to prove about the complete- 
ness of the series of groups. Let us write our various polynomials 
in terms of ascending powers of x and y, using a superscript to 
indicate the degree of the polynomials: 


h=fPHTPrt... 
$, = Of 7+ OP +... 
$2 = $074 $04.. 
6 = Gro-24 fro, 
fafrt for... 
fe=fPttiet 


Since f, ¢. has no term of order 2r,—1, there can be no such 
term on the right of the above identity, or 


Oro—2 fro pro-t fro-1 — oe 
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Since there are no base points infinitely near the origin, we 
may assume that f is not tangent to ¢, at the origin, so that 
f and ¢fo-1 have no common factor. But the factors of {7 can- 
not all fit into ft. Hence f%o-! = 0, or f, has the multiplicity 
ry at the origin, or 7; at P;. It is a curve of our system, so that 
a curve of our system will cut each group of the complete series 
determined by G,. A linear series which includes a complete 
series of the same order is itself complete. We have 

Theorem 15] The characteristic series cut by the curves of a 
linear system determined by base points on the general curve of 
the system is complete. 

We get from the equations above for the series 


Nr == Ps, (6) 


and so, from Riemann-Roch, 

Theorem 16] If the dimension of a linear system of irreducible 
curves determined by a base complete for singular points be as great 
as 1, the superabundance of the base is the index of specialization 
of the characteristic series.* 

We may generalize exactly as we did before, getting 

Theorem 17] If a base of a linear system be complete for 
singular points, for curves of a certain order, the superabundance 


is the excess above fee een 8) of the index of specialization of 


the series cut on curves of order « greater with the same base. 
Theorem 18] If a base be complete for singular points for curves 
of a certain order, and if those curves be necessarily rational and 
exist in infinite numbers, then the base is normal. 
In the case of a pencil of curves we have 


N=0 P= 0 ‘p= 8! 

Theorem 19] The swperabundance of a pencil of curves is equal 
to the genus of the general curve of the pencil. This rs the greatest 
superabundance for any base for curves of that genus. 

We get by Clifford’s Theorem 30] of Ch. I, Book III: 

If s >0, 2(p—1) > N > 2r, 

2(s—1) >> 7,—3r 20. (7) 
* This really beautiful theorem is due to Castelnuovo®. 
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§ 4. Fundamental curves and special adjoints 

Definition. A curve is said to be ‘fundamental’ for a linear 
system if the curves of the system do not meet it in variable 
points. If, thus, we require a curve of the system to go through | 
a point of the fundamental curve not common to all curves of 
the system, it must include the fundamental curve or be in- 
cluded therein. Considering not the whole fundamental curve 
but its irreducible factors, we may assume that the order does — 
not exceed that of the curves of the system. If the system of 
curves be a pencil, each individual curve is fundamental. The 
line at infinity is fundamental for any one-parameter linear: 
family of circles. We see that in general but one condition is 
imposed on a curve of the system to make it include the funda- 
mental curve. Hence,.if the tangents at a base point be variable, 
it will take more than one additional condition to give a parti- 
cular curve a higher multiplicity than the general curve, or the 
fundamental curve will not have a higher multiplicity. We may 
always reach this condition for base points by a factorable — 
Cremona transformation, so let us suppose for the moment that 
this is the case. Let the order of the general curve be n, the 
multiplicity at the base point P,, r;, the order of a fundamental 
curve shall be v and the multiplicity of P,, s;. 


> 74.8; = mw. (8) — 


The order of the residual curve which goes with the funda- 
mental curve to make a curve of the system is n—v, the 
multiplicity at P; is r;—s,. Let us find the genus of the residual 
curve. This will be its ostensible genus, for the condition of 
having an additional singular point is not linear, while that of 
including the fundamental curve is linear. Also, this curve is 
irreducible by 4], a fixed part being added to the fundamental 
curve. The genus of the general residual curve is, thus, 


(n—v)(n—v—3) (7;—8;)(7;—8;—1) 
2 a » 2 ot 


8;(8;-+ 1) 


3 
Now HES — > yee < 0 as the fundamental curve can- 


, 


. 
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not be variable. If the lower sign hold, i.e. if the base be normal 
for the fundamental curve, the genus of the general residual 
is p, so that it has p linearly independent special adjoints, and 
these, with the fundamental curve, give p linearly independent 
special adjoints for the original system of curves. We shall show 
ina later chapter that a factorable Cremona transformation 
will carry a special adjoint into a special adjoint, or the variable 
parts of special adjoints called the ‘pure adjoint system’ into 
variable parts. Hence we may announce 

Theorem 20] If an infinite linear system be given by a base 
complete for singular points, the genus of an irreducible curve 
residual to a fundamental curve is equal to the genus of the general 
curve of the system, less the superabundance of the base for the 
fundamental curve. When the base is normal for this fundamental 
curve, it forms a part of every special adjoint to the original 
system, while the residual curves have the genus of the original 
system. 

It is to be noted that a linear system may have different sets 
of fundamental curves and residual curves. Thus, for the 
conics through three points, each line connecting two is a funda- 
mental curve, and the lines through the third point are the 
residual curves. These lines, like the original conics, have the 
genus 0. 

The essential part of theorem 19] is that the special adjoints 
are reducible. Suppose, conversely, that the general special 
adjoint of a curve is reducible. By Bertini’s theorem 3], either 
all have a common part, or they are p—1 groups of curves of 
a pencil. In the latter case the pencil will cut a g} on the 
original curve, which must be hyperelliptic. 

Theorem 21] If the special adjoints of a curve be reducible 
without a common factor, the curve is hyperelluptic. 

Suppose there is a common factor. Since the canonical series 
on one of the curves of our system has no fixed points, this 
fixed part must be fundamental. 

Theorem 22] If the special adjoints of a linear system deter- 
mined by a base complete for singular points have a fixed part, 
this will be fundamental for the given system, and the base points 
are all singular. 

The difference between the actual freedoms of the original 

cc2 
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+. 
linear system and the system residual to a fundamental curve 
is 1. The difference between the apparent freedoms is 


nints)_ Sree) _[ oe) yee 


(v—1)(v—2) 8,(8;—1) Ov" 
a4 _[eoe 2 =O 41. (9) 

Since the apparent freedom equals the actual freedom less 
the superabundance, we have 

Theorem 23] If a linear system have an irreducible funda- 
mental curve, its apparent genus is the difference between the: 
superabundance of the original and residual systems. 

Theorem 24] Jf a linear system of curves have an irreducible 
fundamental curve, its genus cannot exceed the superabundance of 
the system. 

It is to be noted that we say genus, not apparent genus, here. 
The theorem appears for the apparent genus from 22], the actual 
genus is less than the apparent when there are unsuspected 
singularities, otherwise equal to it. 

Suppose that our base is not necessarily complete, but is 
determined by & of its points which lie on a cubic. This cubic 
with any special adjoint will constitute a curve of the system, 
or all the base points lie in the cubic. If the system were super- 
abundant, the intersections of a general curve with a curve 
made up of the cubic and a special adjoint would be a special 
group of the former, by 10], but this is impossible unless the 
cubic is fundamental. There could not be an infinite. number 
of such cubics. 

Theorem 25] A superabundant system must have at least nine 
base points. 

Let us calculate the apparent genus of a special adjoint. 
This is 

—4)(n— es bys 
Hn 8) Se Ne py ae 


(10) 


p= 


where > 1 means number of base points. 
If the base points do not lie on a cubic 5 1 > 9. Comparing 


@ 
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On the other hand, by (7) 


P bes Evan = 
8 Se : ue p1=P Pi iso. 


Theorem 26] If the base points do not lie on a cubic, and af 
r—s>p-+-l, the base system 1s normal for an irreducible special 
adjoint. 


§ 5. Situation of the singular points 
The groups of points so far considered, whether normal or 
superabundant, were generally supposed to lie on more than 
one curve of given order. The situation becomes a good deal 
more complicated when there is but one curve, as we are not 
able to use 15]. As an example we shall take up one of the 
most important unsolved problems in the whole theory of plane 
curves, the situation of the permissible singular points. 

A curve of order nm can have any number of nodes up to 


gee , but we can assign arbitrary positions to at most 
pert 3) When the curve has more double points than this, 


where do they lie ? 

If the order of the curve be less than six the question has no 
point. We can place the nodes where we please, provided we 
do not have three on a line, or six on a conic. When it comes 
to a curve of the sixth order, quite a new situation arises.* 
The maximum permissible number of double points is ten; we 
have apparently enough parameters to allow us to place nine 
double points where we please, thereby exactly determining the 
sextic curve. But through nine points we may always pass a 
cubic, and this counted twice would give us a sextic fulfilling 
the desired conditions; consequently the double points of a non- 
degenerate sextic must form a superabundant base. They could 
not be the base points of a pencil of cubics, for a cubic of the 
pencil through a non-singular point of one of the sextics would 
intersect it nineteen times. Consider the single cubic through 
these nine double points. If we express the curve parametrically 
with the aid of elliptic functions, as explained at the end of 


* Cf. Halphen’®. 
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Ch. VIII, Book ITI, the nine values corresponding to the nodes 
of the sextic will be connected by the relation 

2(uy+Ue+...+U9) = 0 (mod 2, es). 
We could not have 

Uy +Ug+...+Ug = 0 (mod 2w,, 2ws), 
for then our nine points would lie on another cubic. Hence 

Uy +Ugt...+Uy = kw +lws, 

where either k 40 or] 40. We construct such a set of points 
in the following fashion. We start with P,, P,, ..., Ps, arbitrary 


points, no 3 ona line, no 6 onaconic. Let Q, be the remaining ~ 


base of the pencil of cubics through P,, ..., P;. Let the tangent 
at Q, to one of these curves meet that curve again at 7’. Then 
we may take for P, the point of contact of any one of the other 
three tangents to this cubic from 7’, besides the tangent at 7’ 
and 7'Q 5. The proof is immediate. 

Suppose, conversely, we have nine points on a cubic with this 
relation. The number of linearly independent sextics tangent 
to the cubic at these points is 283—17 (not 28—18) = 11. If the 
curves of a pencil have usually the same tangent at a base, but 
one condition need be imposed to require a double point there. 
Hence there is a pencil of sextics with double points at these 
nine points, and that is just what is desired. 

Suppose the points P,, ...,P,, are given, no three on a line, no 
six on a conic, what will be the locus of P,? Let 4, and ¢, be 
two cubics through P,, ..., Ps, and f a non-degenerate sextic with 
these as double points. The general sextic with these eight 


double points i 
Aa ti Adit V1 bo +vd3+ pf = 0. 
If (x) be another singular point of such a sextic, 
oO oO oO 0 
2b ite as — at + 2b, P24 pT _ 9 
x; Ox; 


These AT ato will be satisfied by co! sets of solutions A, p, 
v, p if 2 be the rank of the matrix 


én (atta) dee 
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7 The N.S. condition for this is 


(1, bof) =, 
O(@4, Lg, Xs) 

This curve of order 9 is the locus required. It has a triple 
point at each of the positions P,, ..., P, and passes simply through 
each of the double points of cubics of the pencil A¢d,-+- ud. = 0. 
These characteristics determine it completely. P, can be any 
general point on this curve. 

Suppose, now, that our sextic is rational, and so has ten 
double points. How must they lie? We have a pencil of sextics 
with double points P,,...,P,. How many of them have a tenth 
double point ? If f, and f, be two cubics of the pencil, the first 
polars of three general points (y), (z), and (r), with regard to 
a curve Af,+yf2= 0, must be concurrent. 


108) se) 0 2( 2) eo) 
A(rB) +n (r2) = 0 
(viz) (vea)]_ (eae) (22))_|(rza) (ra) |_, 


as (p22) | \(p2hr) (,2f2\| \(y 2s A 
(4) (: oa : Ox i Ox is Ox y Ox 

Here are three curves of the tenth order. A point common 
to the first two is also a point of the third, unless 


(2)-(8)-* 
Ox Ox 
The first two have 100 intersections. A rather dreary calcula- 


tion shows that they meet 8 times at each of the points P,, ..., Pg. 
Hence they have 28 other intersections. The curves 


of ofr 

see — ase | ba 0) 

(: 2) (: Ox 

have 25 intersections, of which 9 are at P,,...,P,. Deducting 
the 16 others from the 28, we have left 12. 


Theorem 27] Given a pencil of sextic curves with nine common 
double points, twelve curves of the pencil have a tenth double point. 
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We find the sets of 10 points quite simply after this. Let P, 
be a simple general point of the curve of order 9 with triple 
points at P,,...,P;. Then must P, be a point of the curve of 
order 9 with double points P,,...,P;,P,. The twelve singular 
points P,, must be common to these two curves. They have 
81 intersections all told, of which 9 are at each of the points 
P,,...,P, and 3 at each of the points P,,P,, and that leaves 
just 12. 

Theorem 28] A necessary and sufficient condition that 10 points 
should be singular points of a sextic is that each set of 9 should be so. 

We pass to curves of order 7. Here we have to use a totally 


different technique. We may choose 11 singular points for such 


a curve at random. If a curve of order 7 have 12 double points 
its genus is 3, the canonical series is a g?. Let P be a point of 
the curve. Residual thereto in the canonical series will be a g} 
of which, by Book III, Ch. III, theorem 5], 2 groups contain 
3 collinear points Q. Each of these lines meets the base curve 
in 4 other points, so that to P will correspond 8 points P’. 
Conversely, when P’ is given, the lines through it cut the curve 
in a gj which by the same theorem has 8 groups of 3 points Q 
lying in a group of the g?, leaving but one residual point. To 
each P’ will thus correspond 8 points P. We have between P 
and P’ an 8-to-8 correspondence. If the curve be of general 
moduli of periodicity, so that the correspondence has a value y, 
the number of coincidences is v+v'+3py = 16+ 6y, and this 
cannot be 0, so that there is a special adjoint 44 which cuts the 
base curve in 4 collinear points 


f= x°6*+ (ua), (12) 


the curve ° will have to be tangent to ¢* at each singular 
point, so that the condition is thrown back on that of finding 
a sextic and quartic which touch 12 times. Now take the 
question from the other end. Start with a conic and construct 
a quartic to touch it four times. Through these points of con- 
tact passes a second quartic. The second quartic counted twice 
contains all the intersections of the conic and the first quartic. 
Hence the remaining intersections, by Book I, Ch. IT, theorem 
19], lie on a sextic which touches the first quartic in the twelve 


other intersections with the second one. The quartic and sextic- 


é 
| 


Chap. I SITUATION OF THE SINGULAR POINTS 393 


being ¢* and ¥°, we return to equation (12). We have ten 
arbitrary coefficients in x? and three in (wa), and we can use 
these to make f have a singular point wherever the quartic and 
sextic touch, twelve times in all. 

Theorem 29] The twelve points of contact of a quartic and seatic 
may be taken as singular points for a curve of the seventh order, 
and if a curve of that order have twelve double points, and have 
general moduli of periodicity, then the double points are points of 
contact of a quartic and sextic.* 

The step upwards to the case where the curve has thirteen 
or more singular points does not seem to go through smoothly; 
still less easy is the step up to curves of higher order. We shall 
give in a later chapter a little more information on this question, 
taking the matter from a different point of view. In general, 
however, we must confess right now that the important and 
intriguing problem of finding general conditions for the situa- 
tion of the singular points of curves of high order, or of general 
order, when the number of these points is large, is very far 
indeed from solution. A solution of this problem would be a 
great step in advance. 


* This theorem is apparently due to Gambier’, p. 266. This writer assumes 
without proof that the four collinear points are always there. 
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CHAPTER II 
THE TRANSFORMATION OF LINEAR SYSTEMS 


§ 1. Invariants of linear systems 

Ir we have a linear system given by base points, and apply 
thereto a standard quadratic transformation, some of its charac- 
teristics will be altered, others unaltered. The order of the 
general curve will probably be changed, so will the number, 
multiplicity, and situation of the base points. On the other 
hand, the superabundance will not change, nor the order and 
dimension of the characteristic series, nor the genus of the ° 
general curve. 

Theorem 1] Jf a linear system determined by a complete base 
be subjected to a factorable Cremona transformation, its dimension 
will be unaltered, as will be the order of the characteristic series, 
the superabundance of the base, and the genus of the general curve. 

Let three base points of our linear system be O,, O,, O, of 
orders 1, 73, 73 respectively; suppose that they are distinct and 
not collinear, and n >7r;-+7;. Let us effect a standard quadratic 
transformation with O,, O,, O, as fundamental. The order of the 
new linear system will be 


n! = 2n—(1,+1.+73). 
The situation and nature of the base points will be essentially 
unchanged except that the orders of 0,, O,, O, are now 


n—(r2+73) n—(73+1) n—(1ry+19). 
Consider a special adjoint of the first system. The trans- 
formed curve will have the order 


N = 2(n—3)—(7,—1)—(r72—1)—(rg—1) = n'— 3. 
The multiplicities at the fundamental points are 
n—3— (rg—1)—(rs—1) = n—(r,+75)—1, 
n—("s+7)2-1, m—(ry+72)—1, 
so that a special adjoint is carried into a special adjoint. 


Suppose, next, that O, is not a base point. The curve of order 
nm goes into one of order 


n' = 2n—(r,+7,). 


I 


Chap. II INVARIANTS OF LINEAR SYSTEMS 395 
The fundamental points are base points of orders 
N—Tp N—Py n—(ry+712). 


A special adjoint will go into a curve of order 
2 = 2(n—3)—(r,—1)—(r,—1) = n'—4, 
with multiplicities 
N—T,—2 n—r,—2 n—(1y+7,)—1. 


However, the line O,0, is fundamental for the transformed 
system: if we add it to the curve of order n’—4 we get a special 
adjoint of the transformed system, and every special adjoint of 
that system has 0,0, as a factor. We may proceed in the same 
way when O, ceases to be a base point, and finally when O, 
ceases to be. 

Suppose, next, that n=7,+7,. Og will not be a base point 
of the transformed system. O,0O, is fundamental originally. It 
should be split off from each special adjoint. What is left is 
a curve of order n—4 which has, in the first case, multiplicities 
r,—2, r-—2, and r;—1. It is carried as before into a curve of 
order »'’—3, which is a special adjoint. In the second case we 
get a special adjoint if we add the line O, O, as before. 

Definition. If the curves of a linear system given by base 
points have a genus greater than 1, the variable parts of their 
special adjoints are called the ‘pure adjoint system’. The special 
adjoints are also called ‘special adjoints of index 1’. The 
special adjoints to them are called ‘special adjoints of index 
2’, ete. 

Theorem 2] If a linear system given by base points be subjected 
to a factorable Cremona transformation, the pure adjoint systems 
of all indices are transformed covariantly, as are the special 
adjoints if fundamental curves be added or subtracted. 

Let us see under what circumstances we can alter the number 
of base points by means of a standard quadratic transformation. 
A new base point will be introduced at O, if the sum of the 
multiplicities at O, and O, is less than n. After the transforma- 
tion 0,0, will be a fundamental line. It will be a new funda- 
mental line unless it was a fundamental line before. If it was 
a fundamental line before, it must have had fixed base points 
other than O,, O, since r,;+7, <n. Hence, after the transforma- 
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tion the curves will have fixed tangents at O, or base points 
infinitely near O,. If this cannot happen, we cannot introduce 
a base point without introducing a fundamental curve. Con- 
versely, suppose 0,0, comes in as a new fundamental curve. 
If it have base points other than O,, O,, then the curves of the 
original system had the same tangents at O;, or there were 
infinitely near base points. If that be excluded, O, and O, must 
be the only base points on it after the transformation, hence 
the curve did not go through O, before the transformation, but 
must afterwards, since the line was not fundamental before, so 
that a new base point is involved. If introducing base points 
with fixed tangents changes the number of fundamental curves, © 

abolishing such base points will make just the opposite change. 

Theorem 3] If two linear systems with distinct base points be 
connected by a factorable Cremona transformation, the difference 
between the number of base points and of fundamental curves is 
the same for both.* 

We could doubtless extend this theorem to include curves 
with infinitely near base points by introducing the correspond- 
ing conception of infinitely near fundamental curves, but it is 
doubtful whether the attempt would be worth while. 


§ 2. Curves transformable into straight lines 

We have frequently had occasion to notice that every rational 
curve can be birationally transformed into a straight line. A 
great many rational curves can be carried into straight lines by 
factorable Cremona transformations. We are naturally tempted 
to believe that every rational curve can be so transformed. This 
is not the case. 

A curve of order n—3k with multiplicities r,;—k where the 
original curve has multiplicities r; has been defined as a special 
adjoint of index k. It may be a kth pure adjoint, or contain 
that as a factor, the remainder being a fundamental curve or 
fundamental curves of that pure adjoint system. We prove 
exactly as we did in the case for the pure adjoint system that 
if we transform a special adjoint of index k by a standard 
quadratic transformation, we either get a special adjoint of that 


* Cf. Jung’. This article is carelessly written, the writer does not consider 
the case of infinitely near base points. : 
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index, or a part of one, the rest being one or more fundamental 
lines counted & times, or, if the special adjoints of this index 
be only such lines, we get no curve, or, as we shall say, a curve of 
zero order of which nothing is required. For instance, if we start 
with a sextic curve with three triple points, O,, O5, O3, the special 
adjoints are the three fundamental lines O;0;. These are 
abolished by the quadratic transformation. The new curve is 
a cubic, and we are quite justified in saying that its special 
adjoints are of order 0 required to do nothing. There is no 
arithmetical contradiction in speaking of such a curve. 

Consider a straight line. The search for a special adjoint of 
any index leads us to an arithmetical contradiction. Hence, if 
it be possible to carry a certain rational curve into a straight 
line by a factorable Cremona transformation, the search for a 
special adjoint of every index must lead to an arithmetical 
contradiction. This is a necessary condition for the transforma- 
tion to be possible. Let us prove that it is also sufficient. 

If the rational curve lacking all special adjoints of any index 
have but one singular point, this must be of order n—1. The 
order of the curve can be successively reduced by factorable 
De Jonquiéres transformations as explained in Ch. I of Book II. 
Suppose there are only two singular points of order 7,79, (7; >72). 
Let n—r, = 2s. The special adjoints of index s would consist 
in curves of order n—3s with a multiple point of order 
r,—8 =n—3s. As r2—8 <17,—8, we have no contradiction in 
setting up this curve which consists in concurrent straight lines, 
of which at least r,—s are coincident. There is no contradiction 
in this requirement. We may show in the same way there is 
no contradiction if n—r,—=2s-+1. Hence a curve where the 
requirement for a special adjoint of any index involves a con- 
tradiction must have at least three singular points if it have 
more than 1. As before, assume n—1, = 2s. 

If none of the expressions 7.—8, 73—8,... is positive, there is 
no incompatibility for the special adjoints of index s, hence 
a necessary condition for incompatibility is 


r,—stre—s+r3—s > n—3s 
Ty tTetls > Nn. 
If the three points be distinct, they cannot be collinear, and 
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the order of the curve can be reduced by a standard quadratic 
transformation. The same holds if only two be distinct, or if 
all three cluster on a set of osculating conics, the order of the 
curve can be reduced by a factorable quadratic Cremona trans- 
formation of the sort described in Book II, Ch. I. The only ~ 
troublesome cases where we cannot run in such a transformation — 
are those where O,, O, are infinitely near to O, on two different 
branches, or all are on one branch, but that is not linear. In 
either case O,, O, cannot be taken as fundamental points in a 
quadratic transformation but go into two distinct or adjacent 
points on the opposite side, but surely* r, >7,+75. 

Now there is a further condition for incompatibility. Not — 
only must we have 7,-+7,+7r3; >, but also 

(r2—8)+(r3—8)-+...+(7,—8) >7,—8 
VoP Tec tt] = ta, 
so that the transforms of the points of multiplicity >s cannot 
all lie on the opposite side of the triangle. It must, hence, be 
possible to find three points O,, O;, O;, such that r;+-7;+7, >n, 
yet which lie on a net of conics enabling us to transform our 
curve to one of lesser order. We may reason in the same way 
when n—r, = 2s+1. If the conditions for each type of special 
adjoint be incompatible, the order of the curve can be reduced. 

Theorem 4] The necessary and sufficient condition that it be 
possible to transform a rational curve into a straight line by means 
of a factorable Cremona transformation is that the conditions for 
special adjoints of every index should be incompatible. 

The first rational curve that cannot be carried into a straight 
line is the sextic with ten nodes. A special adjoint of index 2 
would be a curve of order 0 which was required to pass through 
no points, and we have seen that this does not count as an 
arithmetical contradiction. 

Suppose that we have a rational curve uniquely determined 
by a normal base which includes all the singular points. We have 

m(n+3)_ Ssretitl)  n(n—3 r(rz—1 
3n—1l => 7; 
n(n—3h) = 5 ri(r,—k)—(k-+1). 
* Cf. Franciosi, pp. 144 ff. 
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This shows that there cannot be a special adjoint of index &, 
as such an adjoint would intersect the base curve too 
often. 

Theorem 5] A rational curve completely determined by a normal 
base that includes all the singular points can be transformed into 
a straight line by a factorable Cremona transformation. 


§ 3. Reduction of singularities 


Suppose that a curve has a set of special adjoints of index & 
which consists in the totality of curves of a given order. This 
system of curves has neither base points nor fundamental 
curves, so that there is the same number of the two; the special 
adjoints of index k—1 are merely required to pass simply 
through a certain number of points. If we make a series of 
quadratic transformations of the system, avoiding clustering 
singular points, the base points for the system of special ad- 
joints, and the fundamental curves, are introduced pari passu. 
These new fundamental curves will be rational, each containing 
a number of base points making a normal base which deter- 
mines it completely. 

Suppose, conversely, a curve has the following properties: 

1) The fundamental curves of the special adjoint system of 
index k are rational. 

2) The base points on each of these fundamental curves and 
on the given curve form a complete base for the former, deter- 
mining it completely. 

3) The total number of base points on the given curve is 
equal to the number of these fixed curves. 

4) Through each base point on the given curve will pass at 
least two fixed curves. 

Usually such a system will have no base points not on the 
given curve, but it is conceivable that there might be such. We 
see by 5] that any chosen one of the fixed curves of the kth 
adjoint system may be reduced to a straight line; no new funda- 
mental curve or base point has been introduced, and this line 
must have two base points on it, for it must contain a complete 
normal base. Through each base point on the line must pass 
at least one other fixed curve by 4). The two base points on the 
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line could not constitute a complete base for any other rational 
curve of order n > 1, for 

n(n+3) = 14(7y+1)+712(72+1) 

n(n—3) = 7y(7,—1)+72(72—1)—2 

3n = (+72) +1 < 2+, 

which is absurd. Hence we may find a base point off the line. 
Using this and the two points on the line as O,, O,, O3, wé make 
a standard quadratic transformation which removes this funda- 
mental line and introduces no other fundamental curve. Con- 
tinuing thus, we may remove all the fixed curves of the adjoint 


system of index k, and so, also, all the base points on the fixed 


curve. Hence adjoints of index k are now merely required to 
have a certain order, and those of index k—1 to pass simply 
through a certain number of points. 

Suppose that the system of special adjoints of index 1 have 
these properties, then the given curve can be transformed into 
one with no singular points. Conversely, if it have no singular 
points, without being either a cubic, conic or a straight line, its 
special adjoints of index 1 have these properties. 

Theorem 6] The necessary and sufficient conditions that a given 
curve be transformable into one with no singularities by means of 
a factorable Cremona transformation are that either there be no 
special adjoints of any index, or those of index 1 fulfil the con- 
ditions 1) to 4). 

If we assume that these conditions hold for special adjoints 
of index 2, we can transform to a curve where such special 
adjoints are merely required to exist, and those of index 1 to 
pass simply through certain points. We have therefore trans- 
formed to a curve with nothing worse than double points. 

Suppose, conversely, that a curve has nothing worse than 
double points and that there are no special adjoints of index 2 
(including as existent a curve of order 0 of which nothing is 
required). The order of the curve is 5 or less. A straight line, 
conic or cubic has no singularity of order higher than 2. A 
quartic with a triple point can be carried into a line by factorable 
De Jonquiéres transformations, and the same is true of a quintic 
with a quadruple point. A quintic with a triple point is a hyper- 


elliptic curve of genus 3 with a special adjoint of index 1 but. 


* 
_ 
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none of index 2. It cannot be carried into a curve with nothing 
worse than double points, for we have exhausted the curves of 
that sort with no special adjoints of index 2, and none of them 
are equivalent to this curve in the present sense. 

Again, if a curve have no special adjoints of index 1 or 2, and 
if it be capable of being carried into a curve with nothing worse 
than double points, this latter curve will be of order 5 or less, 
and so by the above will lack special adjoints of every index. 
If a curve can be carried into one with only double singular 
points and have special adjoints of index 1 but none of index 2, 
it can be carried into one where the adjoints of index 1 are lines 
or conics, so that all of index above 2 are lacking. And if all 
of index 2 or greater are lacking, the general adjoint of index 1 
can be carried to a line or conic, so the given curve becomes 
one of order 4. 

Theorem 7] The necessary and sufficient conditions that it be 
possible to transform a curve by a factorable Cremona transforma- 
tion into one with nothing worse than double points are that either 
all special adjoints of index 2 or greater are lacking, yet the curve 
is not hyperelliptic of genus 2, or else those of index 2 are present 
and obey conditions 1) to 4).* 

The important element in this theorem is to show that 
Clebsch’s transformation theorem 14] of Book II, Ch. I, is 
untrue if we restrict ourselves to transformations which are 
birational, not merely for the curve, but for the whole plane, 
for we shall see subsequently that the word ‘factorable’ which 
we have applied to Cremona transformations is quite needless; 
all birational transformations of the plane turn out to be factor- 
able. Note also that in theorem 7] we do not claim to reduce 
to a curve with only nodes; we allow cusps or tacnodes as well. 


§ 4. Reduction to linear systems of minimum order 

A great deal of attention has been given to the problem of 
reducing a linear system given by base points to one of minimum 
order. Part of the earlier work is vitiated by inadmissible 
assumptions, the more recent work is somewhat laborious. 
Certain theorems are, however, simple and evident. 


* Of. Coolidge® for this theorem and the last. 
+ For an elaborate bibliography see Franciosi. 
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Theorem 8] Jf a curve have three singular points the sum of 
whose multiplicities exceeds the order of the curve, and tf they be 
not infinitely near on a branch of order higher than 1, or two 
infinitely near a third on different branches, the order of the curve 
may be reduced by a factorable Cremona transformation. : 

Suppose that we have a linear system of curves of order n | 
given by base points P,, P.,... of multiplicities 7,, 7,.... Sup- 
pose, further, there is a fundamental curve of order:v with 2 
multiplicities s,,s,,... at P,, P,,..., and that the conditions so 
-imposed are independent, 


Lrsi=m F 8(8+1)=r(v+3) 2 8,(3,-1) < Y—1)v—2) 
> s<v+1 > §; > 3v—1. . 
If our curves form a two-parameter system, a residual curve — 
must intersect the fundamental curve: 


v(n—v) > >, 8,(7,—8;) 
> shew 
Hence > ff =v+1 >, §; = 3v—1. 
> 18: = (try t+. tr)+ (retreat... tr)... 


The number of terms here is > s; = 3v—1. If, in every case, 
r+r;+r, <n, we should have v—1 triples, and one pair, with 
in each case a sum not greater than n, and in the case of the 
pair, if rightly chosen, less than n. Then the whole sum would 
be less than nv, contrary to what we have seen. This gives* 

Theorem 9] Jf a linear system of curves determined by base 
points depend on at least two parameters, and if there be a funda- 
mental curve on which base points have imposed independent con- 
ditions, and if the base points be distinct, the order of the curves 
may be reduced by a standard quadratic transformation. 

Let us now see what will happen if + 

ty Siete eras Ty+Tetls <n. 

Suppose that we have a factorable Cremona transformation 
where straight lines go into rational curves of order v with fixed 
points of orders s,, 8,.... 

gh taggin’ v(v+-3) 8;(8;+1) 
v— > s?= 1 SD ee = 
3(v—1) = 5 s,. 
* Cf. Caporali?, p. 147. t+ Cf. Jung’. 


’ 
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The order of the new curve is n’ where 
n’—n = n(v—1)— > 7,8; 
= n(v— 1)—(1r'1—13)81— (T2—13)82—13(8,-+82+-83)—1 484... 
n'—n > n(v— 1)—(7,—15)8,— (T2—1g)8g—13 >. 8 
&<—-1) 4<0—-1) Ya=30—1) 

n’—n > [n—(r,+7.+173)](v—1). 

Theorem 10] Jf the swm of the three highest multiplicities of 
the singular points of an irreducible curve be less than the order 
of the curve, that order cannot be reduced by a factorable Cremona 
transformation. 


§ 5. Reduction of curves of low genus 
We have already seen the necessary and sufficient conditions 
that it should be possible to carry a rational curve into a straight 
line by means of a factorable Cremona transformation. When 
we have given not one rational curve but a linear system, the 
matter is even simpler. Suppose the special adjoint system of 
index k is present. 
n(n—3k) > r(r—k) n(n —3) +2 =D r(r,—1) 
n(n+3) >> r(7;,+1) 
3(n—1) >> 7;—-1 
(k—1)[3n— 2 74] > (k—1) 
n— > rf = (8n— > 14)—2 
n?— > r?—k[3n— > r,] < —(k—1) 
n(n—3k) < > 1,(r;—k)—(k—1). 
This is a contradiction, so, by 4], any one of our curves can be 
carried into a straight line. As long as in making this trans- 
formation we use three base points of the linear system, we 
reduce the orders of all the curves, and we can do this as long 
as there are three distinct base points properly placed. For 
instance, we have seen that if there be three base points which 
are singular, we can reduce the orders of all the curves. We 
could not have but two base points which were singular; it is 
easy to show that the genus of a curve with but two singular 
points is positive. If there be but one singular base point which 
is singular, we can reduce the order as long as the others are 
not infinitely near on different branches. 
pd2 


vl 
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Theorem 11] Every linear system of rational curves can be 
carried by a factorable Cremona transformation into a) the totality 
of conics in the plane, b) the totality of lines in the plane, c) the 
totality of lines through a point, d) the totality of curves of order n 


with a common point of order n—1 and with no other or one other - 
distinct point in common, or e) any number up to n—1 of fixed 


tangents at the singular point.* 


Let us next look at an elliptic curve. If it be possible to — 


transform this to a cubic, there can be no special adjoint of 
‘index above 1, it being considered that a cubic has an adjoint 
of index 1 in the present sense. Suppose, conversely, all special 


adjoint systems after the first are non-existent. If there were 
but one singular point the curve could not be elliptic. If there — 


were two or more we could repeat our previous reasoning, unless 
we had s = 1, and we have either ry) = n—2 or rp = n—3. 

In the first case we can take a double point, whether, or not, 
adjacent to the chief singularity, and a simple point, getting 
a net of conics which reduce the order of the curve. In the 
second case there are 4(n—3) double points, or the equivalent 
in doubles and triples. If there be only doubles we can get two 
of them not adjacent to the principal singularity on different 
branches; if there be a triple point, we use it and the principal 
singularity and a non-singular point; in either case we can 
reduce the order of the curve. 

Theorem 12] The necessary and sufficient condition that it be 
possible to change an elliptic curve into a cubic is that it should 
lack all special adjoints of index greater than 1. 

Suppose that we have a linear system of elliptic curves given 
by base points. Let us first suppose that the system depends 
on at least two parameters. The base is then normal. We have 
the last aoe i orate modified form: 


3) = 2 tare!) 

ee, y>>Sr(n+)) 
3n— > 7; >0 

— > 7} = 3n— D1, 


— > r} <k(8n— > r,) k>1 
n(n—3k) <> 1,(r;—k) keh 
* Cf. Enriques-Chisini, vol. iii, p. 194, 


1 
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The conditions for a special adjoint of index greater than 1 
are incompatible. Consequently the curves can all be reduced 
to cubics, provided there are as many as three base points. 

If there be but one base point the curves cannot be elliptic 
unless they are cubics. Suppose there are two base points of 
orders r, and r,. First let 


Trg =n 
n(n—3)—1y(r,—1)—(n—1,)?+ (n—1,) = 0 
mr, =ritn 
(x3) Bian 
2 4 
n?—4n must be a perfect square. 
Let n?—4n = |? 
(n—2)?—-P=4 
(n—2—l)(n—2+1) = 4 
t=0 n= 4, 
We have a quartic with two double points. 
Let t fgs= 1. <n, 


Maximum value for = r?+-72 is n’? 
Minimum value for n(n—3)—(ri-+73)+7,+1, 
= (n—n')(n-+n’+3)—2n’ >0 
It appears, then, that if the system depend on two or more 
parameters, it can always be reduced to a set of cubics, or of 


all quartics with two double points. 

Suppose, now, we have a one-parameter system 

gia > 42 30 = >; 

As there is one special adjoint, a curve of the system through 
a point of that adjoint includes it entirely; the residue is a cubic 
through all the base points. 

One of our curves is reducible, with a cubic factor, the residue 
being a special adjoint for all our curves. If this special adjoint 
have any irreducible factor other than the cubic, such a factor 
must be a rational curve, otherwise its special adjoint and the 
remaining factors of the original curve would make a new 
special adjoint to our pencil. Also it is a rational curve with 
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no special adjoints of any index, and so can be reduced to a 
straight line by a series of quadratic transformations, none of 
which introduces a new fundamental curve into the given system 
of elliptic curves. One further quadratic transformation will 


abolish this fundamental straight line altogether. We may — 
abolish other fundamental curves in the same way. We thus © 


find a series of quadratic transformations, each carrying our 


q 


fundamental cubic into a fundamental cubic, which carry our ~ 


pencil of elliptic curves into such a pencil that the one special 
adjoint consists in a cubic counted r,—1 times. Then all the 


bases of the pencil are points of multiplicity 7, on this cubic, 


r in number: rr? = (374)? 
tf == 9, 

Theorem 13] An infinite system of elliptic curves given by base 
points can be carried by a Cremona transformation into the system 
of all quartics with two double points, a linear system of cubic 
curves given by base points, or a pencil of curves of order 3r with 
nine common points of order r.* 

We might, if we chose, press the question of reduction a good 
deal further; the methods, however, become rather cumber- 
some.} It is to be noted that in handling a single elliptic curve, 
the principal property we were interested in was the absence of 
special adjoints of index greater than 1. We get in the same way 

Theorem 14] Jf a curve lack special adjoints of index greater 
than 1, it may be carried into a straight line if rational, a curve 
of order n with a point of multiplicity n—2 if elliptic or hyper- 
elliptic, otherwise into one with a point of multiplicity n—3. 

Suppose that we have two curves each of which lacks every 
system of special adjoints of index greater than 1, which are 
birationally related. If one be rational, so is the other. Each 
may be carried by a factorable Cremona transformation into 
a straight line. If two straight lines be birationally related, this 
relation is a projective one, and is included in a projective trans- 
formation of the plane. Hence the relation between our two 
original curves is included in a factorable Cremona transforma- 
tion of the plane. 

Suppose, secondly, that neither curve is elliptic or hyper- 

* Cf, Enriques-Chisini, vol. iii, p. 195. + Cf. Feretti. 
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elliptic. If p <5, i.e. p—3 < 2, when we reduce one to a curve 
of order n with a multiple point of order n—3 and more than 
2n—5 double points, these could not all be adjacent to the 
point of order n—3 on different branches, i.e. we could find 
a quadratic transformation reducing the order of our curve. On 
the other hand, if we have p—3 > 2, there is at least a two- 
parameter system of special adjoints through p—3 general 
points of the curve. These special adjoints can be carried into 
a system of straight lines, since they have no special adjoints, 
so that the curve will have as a pure adjoint system lines in 
the plane. The same will hold for a transform of the other 
curve. If the lines were concurrent, the canonical curves would 
be composite, and so the curve hyperelliptic, by theorem 21], 
Book IV, Ch. I, but this is against hypothesis. Hence the lines 
are not concurrent. We have thus two plane curves so related 
that collinear points on one correspond to collinear points on 
the other; the relation must be included in a collineation of the 
plane. 

There remains the possibility that our birationally related 
curves are both elliptic or hyperelliptic. We can carry them by 
factorable Cremona transformations into curves whose special 
adjoints are sets of concurrent lines, i.e. into two curves of 
order n each with a singular point of order n—1. The lines 
through these two points will correspond projectively; we may 
make a linear transformation so that the corresponding lines 
have the same slope. We may write our two curves 


PE (@, y) + 2XT*(@, y) FYE (@, y) = 0, 
P3*(x, y+ 2NE MY) TPR (a, Y) = 0. 
Since lines through the origin correspond, and tangents from 
the origin to one curve will correspond to such tangents for the 
other, we have, if y =Az, 
fy (A)+ 2%x (A) + 2%f4(A) = 0 Po(A)+ 2xX (A) +-27yho(A) = 0 
XUA)— $1 A)Pa(A) = x3A)—Fb2(A)Pa(A) = w? 


jj aN ape eas ONG a 
(A) (A) 
ee Na AV Hed fs ena De, 


tho(A) 4 thal A) 
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Each of the curves is carried by a Cremona transformation into 
the same curve x2(A)— (APA) 


which, in turn, is carried by a Cremona transformation into the 
one or the other. 


‘ 


Theorem 15] If two curves which lack special adjoints of all — 


indices greater than 1 be birationally related, that relation a8 
included in a Oremona transformation of the plane.* 

Suppose that we have a birational relation between two 
curves of the same order n, each of which has at least one 
adjoint of order n—4. The lines in the plane cut a special gz. 


Let us show that there can be no other g2. Let P,,P,,...,P, be 


a group of such a series, which is special. Let [R] be the residual 
group, while P,P, meets the base curve again in Qs,...,Qp. 
Since P,,...,P,, and Q,,...,Q, are co-residual, P,, P,, Qs)... Qn is 
residual to R, a special group. But a special adjoint through 
P,, Po; Qs); Q, includes that line. Hence R is the intersection 
with an adjoint curve of order n—4. The g? cut by straight 
lines must be complete and all its groups residual to R. Hence 
the other g? of groups P,,...,P,, must be identical therewith. If 
thus our two curves are birationally related, collinear points 
correspond to collinear points. 

Theorem 16] If two curves of the same order n, each of which 
has at least one special adjoint of order n—4, be birationally 
related, that relation is contained in a collineation of the plane.t 

Suppose that we have a linear system given by base points 
whose apparent dimension exceeds a number one less than the 
genus, the base being complete for singular points. Consider 
the special adjoint system of index k. Let 7; be the generic 
name for the multiplicity of a base point, when this multiplicity 
is as great as k, otherwise s;. Let s be the superabundance, 
the grade or order of the characteristic series, and N the order 
of the series which special adjoints of index k cut on the base 


curve. 
n(n+3) > r,(7;—1) > Ae 1) 


* Cf. Merletta, p. 237. 


} The special case of this where the curves are non-singular was proved by 
Snyder, q.v. 
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ae 3k)— 2 ri(ry—k) 
=nv— > i— > 


ee r(t,—1) 8,(s;—1) 
Se oe eS task 
r—s—(p—1) = 8n— > 7,— D8; 
= k3n—¥ rJ— > 8? =M(r—s)—(b—1)] +k S 8,—-D 8. 
E. N>0 k>s; G+ts=r+p—l, 
by Ch. I, theorem 15], 
< (s+) 
(r—8)—(p—]) 

Theorem 17] If a linear system with apparent freedom r—s, 
given by a base which is complete for singular points, have an 
apparent dimension greater than p—1, there is no special adjoint 
of index greater than (r—s)+(p—1) 


(r—s)—(p—1)" 


CHAPTER III 
LINEAR SYSTEMS—APOLARITY 


§ 1. Linear systems and hyperspace 
Tur linear systems which we have studied so far have been | 
those given by bases, and indeed those are much the most 
interesting ones. They are not, however, the most general, as 
we have already seen. Consider the linear system of conics 


> AP; = 9 Biz = Byi- 
WY 


It is not difficult to show that if |8,;;| A0 we have the system 
of all conics circumscribed to triangles which are self-conjugate 
with regard to the fixed conic 


y 


In our present study it is very desirable to handle simul- 
taneously point-curves of a given order and envelopes of an 
equal class. A point curve is usually an envelope, and vice 
versa, but this is not always the case, so we retain the two 
terms. Consider the curves 


n\ : 
=> Aim wns =a Say" 0 kt t-m—=n (I) 
and the PES 
as > aa “ne [ Mearefudeus = wy = uy —=O0 «trA+p=n. (2) 


We may make each curve correspond to a hyperplane in a space 
of NV Se: dimensions, and each envelope to a point in 
that same space, S,. Certain envelopes will consist in points 
counted n times; such will be the case if 
Oyu = YE YS YS- 

They will be represented in Sx by the points of a certain rational 
surface. The order of this surface will be the number of inter- 
sections with an Sy_,, and so the number of common solutions 
to the two equations an = bn =0, 
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This number is manifestly n®. If our surface lay in a space 
of less than N dimensions, it would be impossible to find N of 
its points which determine one hyperplane, or NV points in our 
original plane that determine just one curve of order n, but we 
know from theorem 13] of Book I, Ch. II, that it is perfectly 
easy to determine JN such points. 

Theorem 1] Jf the totality of envelopes of class n be represented 


7 


by the points of a space of N ue ee dimensions, and the 


totality of curves of order n by that of hyperplanes in this same 
space, then the totality of these envelopes which consist in a point 
counted n times will be represented by the points of a rational 
surface of order n® which does not lie in a flat space of lower 
dimension. 

Theorem 2] The totality of curves of order n which consist in 
a straight line counted n times will be represented by the hyper- 
planes of a rational two-parameter system of class n® with no 
common point. 

Theorem 3] The totality of curves or envelopes which are sub- 
jected to r+-1 independent linear conditions will be linearly depen- 
dent on N—r of their number. 

Since our surface in Sy does not, necessarily, meet a flat 
space of less than N—2 dimensions at all, but meets one of 
that dimensionality in n? points, we have 

Theorem 4] A linear system of curves of dimension greater than 
1 2s not, in general, determined by a base. 


§2. Apolarity 

Consider the system of all curves of order n whose coefficients 
are limited by a single linear condition, not an identity. They 
will correspond to the hyperplanes of Sy through a chosen 
point. We can write the condition in the form 


! 
> Fagg temottin =0 k+l+m=0. (3) 


It is worth while expressing this in covariant form, using at 
first non-symbolic coefficients. 


f=> aim Ann U ites =0 k+l+m=n. (1) 
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Consider the envelope 


! 
=> anal aeyufudut=O0 xtAtp=n — (2) 


F=$f . 
er or oF | | 
n® | du,0x, OU,0X, OUZ0X3 
n—1)! nm—1)! 5 
ee 3 Bul I''m"! aii Vit CT v3 x3 te ud Us 


(RRA 141) (m' —m+1) 
= ('—K-F 1) —-AF1)(u' w+ 1) = 0. 


If we make a linear transformation 
Ui = DC Bee ay 
ae 1 ar aa aa 
~ Gujoc, A a ee buiOx, — “1 Ou;Ou, 
Our equation (3) becomes 
mel’ = 


. 0Uu,0x, 


? 


or better, at®=a't, = 0. (4) 

A curve and envelope which have this relation are said to be 
‘apolar’. The reader will note the points of likeness and con- 
trast to the binary apolarity discussed in a previous chapter.* 

Theorem 5] Jf an envelope consist in a point counted n times, 
it is apolar to every curve passing through that point; if a curve 
consist in a line counted n times, it is apolar to every envelope of 
the nth order tangent to that line. 

Suppose that the point (y) has exactly the multiplicity r for 
our curve (1), (ay)"+1(aa)r-1 = 0. 


If (wa)” = (uy)"*+1(upy-; (ax)” = 0. 

Theorem 6] The necessary and sufficient condition that a point 
should have exactly the multiplicity r for a curve of order n is that 
this curve should be apolar to every envelope of class n which 
includes as a part of itself the point counted n—r--1 times, but 
not to every envelope including it a lesser number of times. 


* Cf. especially Rosanes. The idea was foreshadowed by certain earlier, 
writers as Battaglini, q.v., and De Paolis, q.v. 
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Theorem 7] The totality of curves of order n apolar to R linearly 
independent envelopes of class'n will be linearly dependent on 
N—R-+1 of their number. 

Theorem 8] A system of curves of order n linearly dependent 
on N of their number, which are linearly independent, will contain 
an infinite number of curves, each of which consists in a line 
counted n times. The envelope of these lines is the envelope 
apolar to all the curves of the system. 

Theorem 9] A system of curves of order n linearly dependent 
on N—1 independent curves will, in general, contain n? curves, 
each of which consists in a line counted n times. 


§ 3. Apolarity between forms of different orders 
Suppose that we have our curve (1) and an envelope of class 


ee, (wa)” = 0 nn <n. (5) 
The two are said to be ‘apolar’ if every envelope of class n 
which includes the given envelope as a factor is apolar to the 


curve, i.e. (ax)"(ap)"-” = 0. (6) 


Theorem 10] The necessary and sufficient condition that a point 
should have exactly the multiplicity r for a curve of order n 1s that 
that point counted n—r-+-1 and no less times as an envelope should 
be apolar to the given curve. 

If our envelope (5) be given and the curve (1), we shall define 


the curve (aa)"ar— = 0 (7) 


as the polar of the envelope with regard to the curve.* 

Theorem 11] The polar of an envelope of class n’ with regard 
to a curve of order n is the locus of points which, counted n—n’ 
times, will make, with the given envelope, an envelope of class n 
apolar to the curve. 

Theorem 12] The necessary and sufficient condition that an 
envelope of a certain class should be apolar to a curve whose order 
eaceeds that class is that its polar with regard to that curve should 
become illusory. 

Theorem 13] The polar of an envelope of class n with regard 
to a curve of order n is the locus of points whose polars with regard 
to the curve are apolar to the envelope. 


* This concept is due to Clifford?. 
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Theorem 14] T'wo envelopes taken together will be apolar to 
a curve whose order is the sum of their classes if each is apolar 
to the polar of the other. 

Theorem 15] The polars of an s-parameter linear system of 
envelopes of the same class with regard to a given curve, or of a 
single envelope with regard to an s-parameter linear system of | 
curves, will be an s-parameter linear system. 

Theorem 16] n points looked upon as an envelope of class n are 
apolar to a given curve, if each lies on the polar of the other, looked 
wpon as constituting an envelope of class n—1. 

The condition for this is 


i oe0. (8) 


Definition. +1 points are said to be ‘a self-conjugate set’ 
with regard to a curve of order n if each set of » of them is 
apolar with regard to the given curve. 

Theorem 17] If n+1 points be a self-conjugate set with regard 
to a curve of order n, the polar of each sub-set of n—1 will pass 
through the other two. 

Suppose we have an apolar set of n—1 points (y), (z),..., (t), 


Ay 


Dy Ay ... Af, = 0. (9) 


If one of the given points be singled out, the others are apolar 
to the first polar of that one. The polar of n—2 points is a conic, 
and the equation just written shows that each of our n—1 points 
is a double point for the conic polar of the n—2 others, i.e. this 
conic is two lines meeting in that point. 

Theorem 18] Jf n+1 points be apolar with regard to.a curve 
of order n, the polar of each set of n—2 is two lines through the 
other point. 

Theorem 19] A point on the Hessian counted n—2 times and 
the corresponding point on the Steinerian are apolar. 

If in equation (9) we look upon n—3 of our given points as 
fixed and the other two as variable, we see that they are apolar 
with regard to the cubic polar of the n—3. 

Theorem 20] If n—3 points be taken in general position, two 
others which are apolar to them with regard to a curve of order n 
are corresponding points on the Hessian of the cubic curve polar 
to the n—3. 
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§ 4. Expression of a form as a sum of nth powers 


N points 2, 2@),..., 2 form anormal base for curves of order n 
if NV be the rank of the matrix 


(DP) (AP). (HP) (aD )9(aD)P 


(ay (AP). (XP) P(e )a(aQyr 
The various expressions in (uw), 
(wa®)”, (ua®)”,..., (ua), 


are here linearly independent. Conversely, when these expres- 
sions are linearly independent, the points form a normal base. 
Suppose, now, we have an envelope of class n expressible in 


the form p(ua)”+ py (wa) + a +p, (ua). 


If a” = 0 be a curve through all of these points, it is apolar to 
every such envelope. Conversely, if we have a linear system of 
curves determined by a normal base of non-singular points, the 
general envelope apolar to all the curves may be expressed as 
a linear combination of the given points each expressed 7 times 
as a polar. 

Theorem 21] A necessary and sufficient condition that it be 
possible to express an envelope (a curve) of class (order) n as the 
sum of v nth powers of linear forms 1s that v points (lines) can be 
found forming a normal base for all curves (envelopes) apolar to 
the given envelope (curve). 

The most obvious way to do this is to take any apolar 
envelope of class n, choose tangents forming a normal base, and 
express the given curve as a linear combination of the nth 
powers of the equations of these tangents. Here is a better 
method.* Take a self-conjugate set of n+1 points, no three 
collinear, (a), (a),..., (a+). Consider the different envelopes 


(uc) (usc) ... (ua +D) = 0 


ee eT Ve 


(ux) (wa) ... (uae) = 0. 
If they were linearly dependent, a linear combination of all but 
one would include a factor which the last one lacks. They are 


* Cf. Rosanes*, p. 32. 
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all apolar to the curve a” = 0 with regard to which the set of 
points is self-conjugate. If we write the nth power of the equa- 
tion of the line connecting two of the points 

|xaPal@ |n — Q, (11) 
we get a curve which is easily seen to be apolar to all of the © 
envelopes (10). If these curves (11) were not linearly indepen- ~ 
dent, there would be at least n—1 linearly independent en- 
velopes of class n apolar, that is to say, tangent, to all of these 
lines, and one at least would degenerate into a point in general 
position and an envelope of class n—1 to which n tangents 
could be drawn from each of our original points—an absurdity. ' 


We have, then, a system of —— linearly independent curves 


apolar to our n+1 envelopes, and the general curve apolar to 
these envelopes can be expressed as a linear combination of 
them. 

Theorem 22] A curve of order n can be expressed as a linear 
combination of the nth powers of the lines connecting two by two 
the n-+-1 points of a self-conjugate set, no three being collinear. 

It is possible to express a curve in terms of a lesser number 
of perfect nth powers, but there seems no very symmetrical 
way to do so. 


CHAPTER IV 
SPECIAL CURVES IN A LINEAR SYSTEM 


§ 1. The pencil 
In the linear systems studied in the present book we have fixed 
our attention on the general curve of the system. Special curves 
have special properties which the general curve lacks; it is worth 
while looking at these. 
Let us begin with a pencil of curves 
A+ uf = 0. (1) 
If there be a singular point (x) we must have 
a 
ee +e sod} 
We know by theorem 11] of Book I, Ch. I, that the resultant 
of these three equations is of degree 3(n—1)? in A:p, so that 


gives the number of double points. Or we may proceed as 
follows. The singular points are common to the three Jacobian 


curves a fifa) aa “fi, f2) =a ft Ofte) =) 


A(%,%3) O(%2, 3) A(X, Xe) 
Every intersection of the first two is also on the third unless 
it be on 
Ge a 
0X3 Xs 


The first two Jacobians have 4(n—1)? intersections, the number 
of intersections of the last two curves is (n—1)*, leaving the 
number already found. 

We say as a first approximation that the number of curves 
in a pencil which have singular points is 3(n—1)?. This number 
is quite incorrect if there be any singular points common to all 
curves of the pencil. Suppose that we subject our pencil to a 
standard quadratic transformation, the curves of the new pencil 
with additional singular points will come in part from those of 
the old pencil possessed of such points, in part from reducible 
new curves which have a side of the fundamental triangle as 
part of themselves. We learned, however, in theorem 3], Ch. IT 
of the present book, that new base points and fundamental 
curves come in together. This gives 

3781 Ee 
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Theorem 1] Jf a pencil of curves with distinct base points be 
carried into another such pencil by a factorable Cremona trans- 
formation, the difference between the number of base points and of 
reducible curves is the same. 
Suppose that we have two curves of order n with a common ~ 
point of order 7, at O,. We write them 


O = fy = U3-M1P P(X y, Lg) + aE Nf 41a, La)-+..- 5 
O = fy = 231Gb f(a, Lg) + Zp (ary, La)... « 


The polynomials ¢,, 4. have no common factor, as we assume 
the base points are distinct. Let us find how many intersections 


Al fs fY Saal fichay) 
(24, %3) (2g, 2g) 
have at this point, and subtract from the 4(n—1)? total inter- 


sections of the two curves. From this remainder we take the 
difference between the total number of intersections of 


of; fe. 9 


and the number of intersections at this point. We get 


Op, da, 
AfS2) = (n—r)azn-r0-1| Fo. 
(24, X3) obs i) 
nna s 
ra) ra) 
But mee +, 004 = 1,94. 
1 2 


Hence we have 
(fro) a n—Ty ardin—r1)-1y, (dy, ds) a 


O(X4, Xg) eT O(%4, %g) 
(fifa) eng awrin—r)-1y, ($1; $2) : 
O(Xp, Xg) spel A O(X4, Ly) 


Here are two curves with a common point of order 2r,—1 
with 2(r,—1) common tangents there. The number of inter- 
sections is at least 4r? —27,—1. 


If there were necessarily more intersections, that is to say, if 
two branches necessarily osculated one another, this would still 
be the case when the two curves were merely of the order r+1. 
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If we have two curves of order 7,1 with a common point of 
order 7,, the curves of their pencil with additional singular 
points would be curves of order 7, with singular points of order 
r,—1 and lines from the singular point to other base points of 
the pencil. But if in this case the curves 


Sify 8h fae 
O(a, Xs) (Wp, 5) 

osculated, the number of other intersections of f, = f, = 0 would 
be-less than 27,1, which is not the case. Hence, in general, 
the Jacobian curves do not osculate, or there are 4rj7—2r,—1 
intersections at the point of order 7,. The curves 

a, ae _ 9 

OX, Os 


have rj intersections at O;. We get, finally, 
4(n—1)>— ¥ [4r}—27,—V]—[(n—1)?— 17] 
= 3[(n—1)?— > r?]+ > [27,41]. 
Theorem 2] If the base of a pencil of curves be a set of distinct 
points of multiplicities 11, 72,..., the number of curves with add- 
tional singularities 1s 
3(n—1)?— > (8r?—2r,—1). 
The invariant number, by 1], is the difference between this 
and > 1, and so is 3(n—1)?— ¥ r,(3r;—2). 


But ne—= > x? 
2(p—1) = n(n—3)— > ri(r3~—1) 
=> 1r,—3n 


3(n—1)?— > 7,(3r;—2) = 4(p—1)+3 = 4p—1. 

Theorem 3] If a pencil of curves have distinct base points, the 
difference between the number of curves with additional singu- 
larities and the number of base points is one less than four tumes 
the genus of the general curve of the pencil. 

In this phrase of course the words ‘number of curves’ mean 
the order of the equation determining them. 

Theorem 4] If a pencil of rational curves have distinct base 


:. points, the number of these points exceeds by one the number of 


reducible curves. 
Ee2 


ton 


420 SPECIAL CURVES IN A LINEAR SYSTEM Book IV 
A pencil of conics gives a fine example of such a pencil. 
Let us look for the locus of the inflexions of the curves of 
a pencil. We must form the Hessian of the general curve 


Mfituf, = 0. 
Fh Oe 
Moat Moet 
5 hes 
2 fy fs 
ae ae P65 
Eliminating A: p, we get 


php Mh Oth 5 Oth 


bat" * ax? ” Oat, O2, ees 


tele Oe 
oh pth 


6x3 6x3 


Let us define the ‘tangential locus’ of a point (y) with regard 
to the curves of the pencil as the locus of points of contact of 
tangents from (y). All singular points besides base points will be 
on it. The equation is 


i) fs 
f(y 3 (v2) =o. 
This locus will have a double point at (x) if 
Oats Of. (for fa) _ 
aD Wen en f.D aeiae +2. Waeir, 2) 


fast ized I oe 


x? @2,0%, “**Oa,Oat, | O(a, %5) 


This curve is of the same order as the tangential locus just 
written, but looks a little a little more complicated owing to 
the presence of the terms 

(fits) 


OAx,, a;) 


AV " 
f 


" 
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Nevertheless, the two are identical. We prove this indirectly. 
Let the curves be 


0=f,= e§+x3-Ya,7,+4,%,]+ 0% [a, 07 + 209% X_+-Ayot3]-+... 
0=f,= 3+ 23-1b,2%,+b,%5] +93-*[b, 09+ 20 19% X_+b5%3]+ tee 
The tangential locus of (0, 1,0) is 


ra] 
0=f, he = 2 = = 3"-1(a,—by)+ 


os Hee b, by + 2|ay2—byo| | 21+ (tsa baad. 
This will have a double point at (0,0, 1) if 
b b +2 |@y2—b12| = Ag2—Dog = 0. 


The equation of the curve of the system through (0, 0, 1) is, 
under the present circumstances, 

Wee (a —b, x31 +23 ~7[ (Aq — yu? + 2(Ay2— by 9) 219] +... : 

The tangent is the line going to (0,1,0) and has 3-point 
contact. The locus of the double points of tangential loci is, 
thus, a part of the locus of the inflexions, and, as the two are 
of the same order, they are identical. We thus get a pretty 
theorem due to Guccia.* 

Theorem 5] The locus of the inflexions of a pencil of curves 
of order n which contains no curve with a multiple factor or a linear 
factor is a curve of order 6(n—1). This curve is the Jacobian of the 
net of tangential curves of the various points of the plane. It passes 
through all singular points of curves of the pencil. The inflexional 
tangent is always the line joining the point of contact to that point 
whose tangential curve has a double point at that point of contact. 

Let us look for the class of the envelope of the inflexional 
tangents. If such a tangent go through (y), we have 


itu=0  r(yZt)+n(y Zl) =o. 
a 


a,—b, = 


eh 
pes akg 
th, Of, 


ar Monk 


* Guccia?. The first writer to study this locus seems to have been Weyr, q.v. 
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The degree of the resultant in A: is 3n(n—2)+6(n—1)? by 
theorem 11] of Book I, Ch. I. At the singular points of curves 
of the pencil a curve and a corresponding first polar will have 
two intersections; it is a point of the Hessian. These must be 
deducted. 

Theorem 6] Jf a pencil of curves of order n have 3(n—1)?* 
members with double points, the class of the curve eres by 
the inflexional tangents is 3n(n—2). 


§ 2. Two-parameter nets 
The simplest linear system after the pencil is the two-parameter 


net. We have studied this in considerable detail earlier in our. ° 


work. We get at once from Book I, Ch. [X, theorem 25] ff.: 

Theorem 7] The Jacobian curve of a net is the locus of variable 
singular points of curves of the system, and of points where curves 
are tangent. It passes through all base points. The curves of the 
system through a non-singular point of the Jacobian are tangent 
to a line harmonically separated from the tangent to the Jacobian 
by the tangents to that curve which has a double point there. 

If we take the three curves 


f,=0 f2=0 f,;=0 


and make the transformation x, = 22, 


Aistolsletl ong t oidatel 

ae dd BF et gt 

O(X1, Lg, Xg) on ‘ 2% toate dt 
g vy 


It appears, thus, that the Jacobian is carried over covariantly 
by a standard quadratic transformation, except that sides of 
the fundamental triangle may be added thereto. This part, 
however, may be neglected, for a standard quadratic trans- 
formation is a contact transformation, and a locus of points 
where curves touch will go over into the corresponding locus. 

We next notice that we may transform any net into one 
where all base points are distinct. If they have the multiplicities 
11,19)... the order of the characteristic series, or grade as we 
have defined it, is = ni— >? 


the genus of the pane curve is p noi 
2(p—1) = n(n—3)— > r,(r,;—1). 


: 
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Let us see how the Jacobian behaves at a base point of order 
r,, say (0,0,1). Let 


O=f, = 13-1460 (x,, Hq) aR--L tla, , a)... . 


Since 06, od, $ 
ce on 
ay My |g 
Geico fs a 
ay Oy 
dp, Ong 

the lowest terms in the Jacobian in 2,, x, are 
th Oh 
Cae 
My ey 
EE RS ANE 
My ey 
OE, epee 


that is to say, of order 3r,—1. The number of variable inter- 
sections of a curve of the net with the Jacobian will be an 
invariant for Cremona transformations. That number is, in the 
present instance, 
3n(n—1)— >) 7,(37,—1) = 3[n?— DX 77]4+ DX 1;,—3n 
= 2[p+G—l]. 
Theorem 8] The number of variable intersections of the curves 


of a linear net with the Jacobian is twice the number which is one 
less than the sum of the grade and the genus of the general curve. 


§ 3. The Laguerre net 

Suppose that we have two curves of order n with n—1 collinear 
points in common. Let the curves be f,, f,, the line in question 
being x,=0. Let f; meet the line again at O,, while f, meets it 
again at O,, then since x,f, passes through all the intersections 
of the line with f,, we have 


t fi t%efot%efs = 0. (2) 
Consider, now, the net of curves called a Laguerre net:* 
IsSit+Yofet+Ysts = 9. (3) 


* Laguerre*, pp. 540 ff. 
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The curve which corresponds to each point (y) will pass 
through it. The curves f,, f2 have n? intersections. Of these 
n—1 are on x;=0. The remaining n?—n-+1 are on f,; = 0, and 
so are base points of the net. Take two curves of the net, 


WAit+Yofo+Ysfs= 0 2 fi +%efot+%sts= 9, 

then layz| = 0. 
It appears, thus, that every intersection of two curves of the 
net which is not a base point is on the line connecting the points 
to which these curves correspond. 
- Theorem 9] In a Laguerre net all intersections of two curves 
which are not base points are on the line connecting the two points . 
to which the curves correspond. 

Theorem 10] If a point trace a straight line, the curves to which 
it corresponds pass through n—1 fixed points on that line. 

Suppose that the base points of the net are simple. The order 
of the characteristic series is, then, n—1 and the genus of the 


general curve — . We know by 8] that the number 


of variable intersections with the Jacobian is 
—2 = 3n(n—1)—2(n?—n-+1). 

Theorem 11] When the base points of a net are simple they are 
double points for the Jacobian. 

If we draw a tangent from a general point to the corre- 
sponding curve of a Laguerre net, we get n—1 collinear points 
of which two are adjacent. Hence the pencil of curves through 
them are tangent to one another. 

Theorem 12] If tangents be drawn from a general point to the 


corresponding curves of the Laguerre net, the points of contact lie 
on the Jacobian curve. 


CHAPTER V 
NON-LINEAR SYSTEMS OF CURVES 


§ 1. General formulation 


Aut of the systems of curves which we have considered so far 
have been linear systems, whether given by base points, or by 
conditions of apolarity. It is time to consider more general 
systems. The theory of these is much less complete and much 
more difficult. We saw in the last book that the theory of non- 
linear series of point groups on a curve is more difficult and less 
satisfactory than the theory of linear series; the difficulty con- 
tinues here. We see at the very start that Bertini’s precious 
theorem that the general curve may not have a variable singular 
point is lacking. 

How shall we indicate the general curve of a k-parameter 
algebraic system ? We first write the general curve of order n 


in the shape > ayrty" = 0 gtr<n. 


These curves are in one-to-one correspondence with points of 


n(n+3) 
2 


a projective space of N = dimensions. A k-parameter 


system of curves will correspond to a k-dimensional algebraic 
variety therein, and this we may write 


yom rs Gear. @ rae ah F(Xo, X4,.--, Xz) = 9; 
The general form for a k-parameter system of curves becomes, 
in this way,* 

f(x,y, Xo, X1,-.-, Xz) = 0 F(X, X4,-.., Xp) = 9. (1) 

We shall, for the present, confine our attention to one-para- 
meter systems, which we write 

f(x,y, X, Y)=9, (2) 

F(X, Y)=0. (3) 

* T cannot find out that any previous writer has used this form for the 

- general equation, even in the simple case of a one-parameter system, though 


Clebsch! uses it for conics and would, doubtless, have used it for other curves 
had he been interested in the problem. 


we et 
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If we use y’ to indicate the total derivative of y with regard 
to x, we have af, a wy 
ox by - 
eliminating X and Y between this equation and the equations _ 
(2) and (3), we get x(x, 4,4") = 0. 


The degree in y’ which we have called NV, the index.of the 
system, gives the number of curves through an arbitrary point 
of the plane. Conversely, if we have an equation of this type, 
and if it have algebraic integrals, we have a one-parameter 
system of algebraic curves neatly expressed. Unfortunately the - 
integrals are usually not algebraic; it is not easy to tell whether 
we have algebraic solutions or not, and the equation as it stands 
does not give a great deal of information about the curves 
any way.* 

We return to equation (3), which we assume to be irreducible, 
while f is also assumed to be irreducible, and not representable 
by a reducible combination of f and F. The genus p of the 
general curve f in x and y, and the genus P of F, are two 
important invariants, the latter being called the ‘genus’ of the 
system. It will be unaltered by any birational transformation 
of the curve F’, or of the (x, y) plane. It is worth noting that 
a given system of curves can be written in an infinite number 
of ways. We can replace X and Y by any pair obtained from 
them by a Cremona transformation of their plane, or we may 
replace equations (2) and (3) by 

F(X, Y) f(x,y, x, Vari, Y) f(x,y, X, Y) a P(X, Y) = 0, 
where f and F are arbitrary polynomials. A finite number of 
these curves may be different from any curve in the original 


system. The same phenomenon may appear when we write our 
system of curves in tangential coordinates: 


d(u,v,U,V)=®(U,V)=0. 


Here the curves corresponding to limiting values may be dif- 
ferent from anything which we had before. For instance, a 


* This is the form used by Cayley? in a verbose article dealing mostly with 
curves. For tests for algebraic solutions see Jordan’. 


. 
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system of confocal conics can be written in two different 


MNS (BEA)? (a?-+A)y?— (a?-+2)(B?-+A) = 0, 
(a?-+-A)u?-+- (b2-+-A)v2—1 = 0. 

The limiting curves in point coordinates are the two axes and 
the line at infinity; the limiting envelopes are the foci on the 
major axis, those on the minor axis, and the circular points at 
infinity. With this warning we shall drop tangential coordinates 
for the rest of this chapter. 

If the genus of a one-parameter system be 0, we may express 
X and Y rationally in terms of a parameter z, substituting in 
(2) we get the simple form 


f (x, Y; z) = 0. 

Theorem 1] A rational one-parameter system of curves may 
always be obtained as the orthogonal projections on a fixed plane 
of sections of a surface by planes parallel to the first one.* 

Let us try to generalize this theorem to a system of any genus. 
The general rotation of space about the origin may be expressed 
as a homogeneous linear ternary collineation where the coeffi- 
cients have a common denominator which, like the numerators, 
is a homogeneous polynomial of the second degree in four inde- 
pendent homogeneous Eulerian parameters.t Let us express 
these parameters rationally in terms of X and Y. This amounts 
to finding a rotation of the (x, y, z) space which will carry the 
plane z = 0 and the cylinder (2) into 


U(X, Y)xt+V(X,VYyt+WX, Yje=0 wdlz,y,z,X,VY)=0. 

Eliminating X and Y, we get 
O(a, 4,2) = 0: 

Our original curves are congruent to the sections cut from this 
surface by the planes 

U(X, Y)a+V(X, Yjyyt+w(x, Y)z=0 TUX. Yi Vie Ot (4) 
These planes envelop a cone with the same genus as the system. 

Theorem 2] The curves of a one-parameter system are congruent 


* De Jonquiéres erroneously assumed that every one-parameter system 
could be obtained in this way. The error is corrected in De Jonquiéres*, where 


' it is simply stated that most of the results previously obtained are not to be 


taken as literally true. 
7 Cf. Study’, p. 176. 


428 NON-LINEAR SYSTEMS OF CURVES Book IV | 


to the curves cut from a surface by the tangent planes to a cone 
whose genus is that of the system. 

We have once or twice referred to the ‘index’ of the system, 
the number of curves through an arbitrary point. This is at — 
once seen to be as follows: 

Theorem 3] Jf a one-parameter system of curves be given by - 
equations (2) and (3), its index will be the number of intersections 
of the curves (2) and (3) of the (X, Y) plane which depend on — 
xand y. 
_ Let the order of f in X and Y be »v, while its order in x and 
y is n, and the order of F is v’, and if at the intersections which 
are fixed the multiplicities for f are R,, R,,...and for F, S,, S,,..:, 
the index JN is given by 

N=w’'— > R,S,. . (5) 


§2. Singular points, and the envelope 

The next Cremona invariant we shall seek is the ‘grade’ of the 
system, that is to say, the order of the characteristic series. If 
the curves f have fixed ee of multiplicity s,, s9,..., the grade 


G is platy a > 8?. 
These fixed singular points do not by any means exhaust all 
that may appear. For a singular point we have the equations 


af Of oF. 


Oa oy al 


We find the resultant of these three. There are various pos- 
sibilities : 

A) It vanishes identically. Then every curve of the two- 
parameter system (2) has one or more singular points. 

B) It contains F as a factor. Then every curve of our one- 
parameter system has at least one singular point. These points 
may be fixed or trace certain curves. 

C) The resultant is a polynomial different from F. The 
general curve has no singular points, but some curves have. 

D) For some curves f is reducible with a multiple factor. It 
is to be noted that, by assumption, the general curve f is not 
reducible. 

In order to be as general as possible, let us assume that the 


Chap. V SINGULAR POINTS AND THE ENVELOPE 429 
_ general curve f has, besides the fixed singularities of multi- 


plicities s,s9,..., variable singularities of orders 7,,7.,.... and 
cuspidal indices x, «,,.... The reduction in class produced by 
one of these is 

A= ri(ts—1) +; (6) 


Let us assume, finally, that certain curves have factors of 
orders 7,,,... counted 1,,t,,... times respectively. 

The genus of the curve, or the genera of the curves traced by 
variable singularities, will be unaltered by a factorable Cremona 
transformation of the plane, provided such a curve be not 
abolished. Let us explain what we mean by this possibility. 
Suppose that we have a series of quartic curves each with a 
double point at the origin, each passing through each circular 
point at infinity, and each with a variable double point on the 
infinite line. Their inverses in a circle whose centre is the origin 
would be a new net of quartics each with a tacnode at the 
origin, but with a variable direction for the tangent. Perhaps 
we may describe these poetically by saying that they have a 
common fixed double point, and a variable infinitely near double 
point which traces no locus. If we remember that the only 
sort of curve that can be abolished by a factorable Cremona 
transformation is one that can be carried into a straight line, 
we have 

Theorem 4] The genus of every curve traced by a variable 
singular point, unless that curve be rational with no special adjoints 
of any index, is an invariant for a one-parameter family of alge- 
braic curves under all factorable Cremona transformations. 

Let us next seek the envelope of our one-parameter family. 
The classical method is to introduce an explicit parameter, say 
t, writing 

fiz.y,X@),Y@Q)=0 FX), YOJ]=0 


af dX afdY_, oF dX , andy _ 


pe ee OR OY a 
Se ENG 
Eliminating i? ai? 
a(f, F) 
ONE oy 7 
a(X, Y) (7) 


The envelope will be one factor of the result of eliminating 
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X and Y between (2), (3), and (7). If we use homogeneous 
variables X, Y, and Z, we write more neatly 
fF) Af) _ af,F) _ 9 i 
“Ay, Z) AZ, X) ee YF) 

The envelope will be a factor of the eliminant, the other q 
factors, when not constants, giving curves traced by variable 
singular points. We see, in fact, that if we have such a curve, x 
and y will be functions of the auxiliary parameter ¢ mentioned ~ 
above, and we shall have 


fix(t), y@, X, YO) = FLX, Y()] = 0 
of dx af dy, of aX , of dv _ aFdX  aFdY _, 


oudt dydt aX dt ° aY dt ox dt” aY di ' 
~=4=—9, é = (: 
But 5 5 Hence a(X, Y) 


Let us see if we can determine the order of the resultant in 
x and y, and then the orders of the different factors and the 
powers to which they appear. To get the order of the resultant, 
we assume the axes to be in general position and so seek the 
number of intersections with y= 0. The question, then, is, for 
how many values of x will the three curves (2), (3), and (7) have 
a common point, or, what comes to the same thing, for what 
values of x, when y = 0, will the curves (2) and (3) in the X Y 
plane touch one another, or (2) have a singular point on (3) ? 
Let P be a point of F. There will correspond thereto n values 
of x. To each of these there will correspond N points on F of 
which one is P, the others P’, so that to P will correspond 
n(N—1) points P’ and to P’ as many points P. The value of 
the correspondence is n, so that the number of coincidences is 

2n[N-+ P—1]. 

We may assume that F has only ordinary singularities, so that 
these coincidences only arise from contact or when a wandering 
singularity of the curves (2) falls on F', equally acceptable for 
our present purposes. This is the order of the resultant. Let 
us now see what reduction must be made for the locus of the 
movable singular points. This will be the number of inter- 
sections that adjacent curves of our system have at such a point 
multiplied by the order of the curve of singularities. Let (a9, y5) 
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be a variable singular point of order 7,;, such that a general first 
polar has A; intersections with the curve there, as shown in (6). 
Suppose, first, that but one curve has this singular point. x) and 
Yo are algebraic functions of X and Y, so that 

Ore ogi, 2) ae 0, 
Since, when z, and y, are given there is but one curve, it must 
be possible to find X and Y as rational functions of x) and yy 
and write a new set of equations for our system of curves, 


namely, F(a, Y, Lox Yo) = F(a Yo) = 0. (9) 
Developing f in powers of (x—z,) and (y—y), 
Frl(e—%o), (Y—Yo) +frp+1l(*—%), (Y—Yo) +++. = 0, 


where f, is a polynomial of degree s with coefficients which are 
polynomials in 7, 4%. To find the envelope we must have 


apF) 
Soe! A(X, Yo) 
of, F) 
We see that Hea) acts at (Xp, Yo) like a general first polar, 
o Yo 


so that the number of intersections is A;. We could have estab- 
lished the same fact by differential considerations regardless of 
the number of curves sharing this singular point, hence, if there 
be J; such curves, the reduction is /,A;. The total amount to be 
taken from 2n[N-+ P—1] is > n,,A;. If a curve of our system 
be reducible with multiplicity /,, we write 


fs = ()*s (v z) = yet (v x) 


The number of intersections with a general first polar is 
A, =1,(l,—1), so that these curves may be included in the 
singular loci of orders n,. 

Theorem 5] Jf a one-parameter system of curves of order n and 
index N have genus P, and if there be curves of order n4,N,.-.; 
where 1,,1s,... curves have points where a general first polar has 
Ap Ag. intersections, the order of the envelope is 


2n[N + P—1]— Dd, nl; 
This can be put in much better form. We see that our curves 


cut a general line in a correspondence with the indices N(n—1) 
and, hence, with 2N(n—1) coincidences. These coincidences 


\ , ; q 
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will come only from tangency and from intersections with curves ' 
of varying singular points, as defined above. If the number of — 
curves tangent to the line, which we define as the ‘class’ of the — 
system, be M, we shall have | 


M = 2N(n—1)— D, nl ,A;j- (10) 
Eliminating > n,1,A,;, we get the order of the envelope . 
M+2N+2n(P—1). riot 


Theorem 6] If a one-parameter family of curves be given, the © 
order of the envelope is the swm of the class plus twice the index 
plus twice the product of the order of the curves and a number one 
less than the genus of the system. 

There is another application of equations (9), and the sub- 
sequent reasoning which enables us to advance a little the 
problem of the existence of curves with given singularities which 
we discussed in Book I, Ch. VI, § 2.* Consider the system of 
all curves of a given order n with 6 nodes and « cusps, it being 
assumed that n > 2. If there be one such curve, there will be 
an 8-parameter system, for no curve of positive genus has an 
infinite number of projective transformations into itself. It is 
easy to see in fact that the only curves carried into themselves 
by an infinite number of projective transformations are straight 
lines and conics. If, therefore, there exist one curve with 5 nodes 
and « cusps, there will exist oo® into which this is carried by 
projective transformations. We may calculate the actual free- 
dom in the following fashion. If we have a geometric variety 
of any sort whose points depend on k independent variables 
U4, Ug,.--, Uz, its dimensionality is k, which is one more than the 
dimensionality of the flat variety of tangents, as that depends 
on k homogeneous parameters du, dus,...,du,. We thus get the 
dimensionality of the series cut on a curve of a system by the 
other curves, by adding 1 to the dimensionality of the linear 
series cut by the infinitely near curves. Now we have just seen 
that the number of intersections of two infinitely near curves 
at a singular point is the number of intersections the curve has 
with the general first polar, and so 2 for a node and 8 for a cusp, 
hence the order of the linear series cut by the infinitely near 


curves 1s n?—25—3x = m+n. 


* Cf. Severi-Léffler, pp. 307-10, and Segre, Beniamino®. 
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The complete linear series will be that cut by all adjoints of 
order » which are tangent at the cusps, or, what amounts to 
the same thing, the sum of the series cut by all first polars, and 
that cut by all straight lines. The dimension of the system of 
curves being one greater than that of the linear system of point 


groups is r+l=m+n—p+i+l. 
On the other hand, the apparent freedom is 


aca ES S—2e = 8n+-p—l—« 


=m+n—p-+l. 

Theorem 7] Jf there exist irreducible curves with 5 nodes and 
K cusps, the number of conditions which they vmpose 1s 54-2«—1, 
where 1 ts the index of specialization of the serves which is the sum 
of those cut by first polars and by straight lines. 

Reverting to the equation of the apparent freedom, we see 
that if 3n >«, the apparent freedom, and hence the real free- 
dom, is greater than p—1, the dimension of the canonical series, 
so that 1 = 0. 

Theorem 8] If there exist a curve with a certain number of 
nodes and cusps, whose order exceeds one-third the number of cusps, 
then each node imposes one condition and each cusp two. 

This does not show that the curve exists; the conditions might 
cause it to become reducible. 


§ 3. The inflexions 

To find the inflexions of our general curve f, we must find its 
intersections with the Hessian, discarding those at the singular 
points, unless there be inflexions included there also, as in the 
case of a figure 8. We must eliminate X and Y between F, f, 
and its Hessian h. This Hessian 


h(a, y,X,Y)=0 


is of order 3(n—2) in x and y, and 3v in X and Y. It has the 

multiplicity 3R; where f has the multiplicity R,, and F the 

multiplicity S,, hence the index of the system of Hessians is 

3N. To find the order of the eliminant amounts to finding how 

- many points of a general line in the (w, y) plane are on f and 

the corresponding h. If a point P be taken on the line, there 
3781 rf 
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will correspond NV points on F, and 3N(n—2) points P’. To — 
each P’ will correspond 3N points on F, and so 3Nn points P’. 
The degree of the eliminant is, thus, 6N(n—1). We have, by 
Pliicker’s equations, 

n+t = 2m-+2(p—1). 

If there be a point of multiplicity 7;, cuspidal index x;, and 4, © 

intersections with the general first polar, we have 
m=n(n—1)— SA, — A(p—1) = n(n—3)— DB 74(r7,—1) 
Ag=r(r—l)+K, t= 8n(n—2)—3 DA,+ D Ky. 
Hence our point absorbs 3A;—«; intersections with the Hessian. 
The degree of the locus of inflexions is thus, 
6N(n—1)—3 > nl A;— > njl,x;- 
But from (10), 3M =6N(n—1)—3 > njl,A;. 
Hence the order sought is 
3M + > nl ;K;. 

Theorem 9] If a one-parameter family of curves be given, no 
curve being reducible with a multiple factor, the locus of the points 
of inflexion is a curve of order 3M-+ > njl,x; where M is the class 
of the system, and variable singular points of cuspidal indices x; 
are shared by 1; curves, and trace curves of orders n;. 

Theorem 10] Jf a one-parameter system of curves have no 
variable singular point with a cuspidal index greater than 0, the order 
of the locus of the inflexions is three times the class of the system. 

It might seem as though this theorem went wrong in the case 
of a pencil of curves of the third order with nine common 
inflexions. However, the locus we seek is the twelve lines, each 
of which contains three inflexions, and it is easy to show by 
Chasles-Cayley-Brill that four of the curves touch a general 
line. 

Let us examine whether theorem 5] of the last chapter applies 
to our more general systems. Let. us write 


P= A,X+A,¥+Ao X?4+2A,,X V¥+Aoo ¥?2+... 

LX (Gy2+ Gy Y + AggX? + 24 tY +99 4?+...) + 
+ (bo byt-+b5 y+ dagt? + 261 ,27y + Doo 2+...) X+ 
H (Cot Cy® + C2 Y+Cogt?+ 2ey ary Cop y?+...) V+ 
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af. afi, af 
"oe tM 35 t Bi 
= [421+ 4g Y1+{(m—1)a, + 2Ag9%,+ 244, y}e+ 
HL (m= Vag 204% + 29 Y,}Y+...]+ 
+ [mbo + bys +. yy + {(2 = 1)by + 299%, +- 2041 Ye 
+{(1—1)bg+ 26,30 + Woe YJy+... |X + 
+ [Meg 64% + C9 Yy+{(—1)ey + 291+ 244 Ya 
és H{(M— leg + 264% + 26p2 yi Jy+...]¥ + 

If we solve the last two equations for X and Y, which, merci- 
fully, we are not required to do, and substitute in F’, we get 
the power-series development for the tangential curve of the 
point (x,,y¥,). The conditions for a double point at x=y=0 
will not involve X and Y above the first degree, and would be 
the same if all higher powers were everywhere lacking. But 
when they are lacking, we fall back upon a pencil of curves, and 
the theorem 5] of the last chapter; there will be a singular point 
of the tangential locus at (0, 0) if it is singular for a curve of 
the system, or an inflexion. 

Theorem 11] Jf tangents be drawn to the curves of a one- 
parameter system from an arbitrary point, the locus of their points 
of contact will have singular points only at singular points or 
inflecions of curves of the system, and, conversely, every such 
variable inflexion or singular point is singular for the tangential 
locus. 


§ 4. Projective theorems 

Our next task is to prove a number of simple projective 
theorems, some of which were given in an article by De Jon- 
quiéres mentioned at the beginning of the present chapter, 
though his proofs were sketchy, to say the least. We rewrite 


our equations flc,y, X, Y)=0, (2) 
F(X, Y)=0, (3) 
Of Se 
oe 0 
Poe Tt Oy OWE 


- This also is of order v in X and Y, and behaves at the singular 
points of F as f does for a general (#,, y;). 
rf2 
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Theorem 12] The index of a one-parameter family of curves 1s — 


the class of the envelope of the line polars of a general point. 


Let us take an arbitrary point N in the plane and draw 


tangents thence to the curves of our system. The tangential 


locus which we have already discussed will have multiplicity NV ~ 
at the point whence the tangents were drawn; it will also cut — 


a line through this point in the YM points of contact with curves 
of the system. ; 
Theorem 13] Jf tangents be drawn to the curves of a one- 
parameter family from a general point, the order of the tangential 
locus is the sum of the index and class of the given system of curves. 


Let us now seek an answer to the interesting question: How 


many curves of our system are tangent to a given curve? Let 
this be of order n,, class m,, genus p,, with a cuspidal index x,; 
we assume that it passes through no base point of the system. 
If P be a point of this curve, there will pass through it N curves 
of the system meeting this curve in N(nn,—1) other points P’, 
and to each P’ will correspond as many points P. The corre- 
spondence has the value NV, so that the number of coincidences 
is 2N(nn,+p—1). 

Let us lop off the coincidences which we do not desire. First 
there are those which come at points with a cuspidal component 
greater than 0. The number of this sort is independent of every- 
thing but the index of our system, as is clearly Nx,. The number 
of coincidences remaining is 

N[2(nny+p,—1)—K,] = N[2n,(n—1)+ my]. 

We have other undesirable coincidences arising from inter- 
sections with the loci of movable singular points or with re- 
ducible curves with a multiple factor. The number of these is 
n, times the number of such coincidences in the case of a straight 
line, and so is Nn,[2(n—1)]—n,M. 

Hence the number of contacts is m,N+7,M. 

Chasles’s Contact Theorem 14] If a one-parameter family of 
curves have index N and class M, the number tangent to a curve 
of order n, and class m, in general position is* 


——~ se 


m,N+n,M. (12) 4 


The reader may have noticed how often the two numbers 


* Chasles*, p. 300 note. No proof is given, though several have been found since. 
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: 


M and N appear in recent formulae. They are called ‘charac- 
teristics’ of the system, only the latter is a birational invariant, 
the former is projectively invariant merely. There is a very 
large number, in fact an infinite number, of other projectively 
invariant numbers derived from the Pliicker characteristics 
of certain associated loci and envelopes. Zeuthen has given a 
list of forty of these, dual in pairs except for four which are 
self-dual, and has found twenty-eight equations connecting 
them.* In the case where there is no reducible curve with a 
multiple factor, most of the numbers of the system can be 
derived from those for a simple set of nodes and cusps. The 
restriction is significant; we have already used it in 10]. 


§ 5. Systems depending on more than one parameter 
A general two-parameter family of curves can be written 


(xg Ry X, Ly EY Zl =O; (13) 
the singular points of the system appear in various ways. We 
first write Soon ifs solace ‘ 

Ors cy Og - 


We then eliminate z and y. There are various possibilities: 

A) The eliminant vanishes identically, or contains Ff as a 
factor. Then every curve has a singular point, or singular points. 
These may be fixed, or trace curves, or cover the whole plane. 
In the second situation there will be for each point of such a 
curve or curves a one-parameter sub-set with a singularity there. 

B) The eliminant does not vanish identically, nor contain F 
as a factor. Then there is a one-parameter family of curves in 
our system which contain singular points not common to all 
curves of the system. The locus of such points is obtained by 
eliminating X, Y, and Z from 


ges pt gh bap ol 
y 


on 6 


Singular points may also come from reducible curves with 
multiple factors. If there be a singly infinite set of such curves, 
every point of the plane will be singular for some curve; if there 
be only a finite number, we only get a singly infinite set of 


* Zeuthent. The Danish article is followed by a fairly full French synopsis. 
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singular points in this way. The conics through a given point 
having double contact with a given conic form a good example 
of the first case, each line through the point counted twice being 
a curve of the system. 

A two-parameter system of curves has three important pro- 
jective characteristics; they are: q 
(N2) The index of the system, or number of curves bata 3 

two general points. 

(NM) The number through an arbitrary point, tangent to an 
arbitrary line. 

(M*) The number tangent to two arbitrary lines. 

The reader will understand that these expressions are purely 
symbolic and do not have any relation to products or powers. 
There is one other useful characteristic sometimes written ©: 
the number of curves which pass through an arbitrary point 
and touch an arbitrary line there. This is self-dual, for it is the 
number which touch an arbitrary line and have a given point 
of contact on that line. It might seem as though this were (V2), 
for we merely require a curve to pass through two adjacent 
points. Such is not the case; on the contrary, 

(N*)=0--K © 08 =(*)—K= (i) —1, 

where K is the total cuspidal component of a general point, and 
I the total inflexional component of a general line, the number 
of curves with three-point contact. How many curves will 
osculate a curve of order 7, class m,, genus p,, and cuspidal 
component x, in general position ? If P be a point on this curve, 
the curves of our system through it are a one-parameter set of 
index (NV?) and class (VM). Hence, by (12), the number tangent 
to our curve is m,(N*)+-n,(NM)—20, and this gives the number 
of points P’. Conversely, when P’ is given, there are @ tangent 
curves of our system each meeting the fixed curve in nn,—2 
other points. The value of the correspondence is 20, so that 
the number of coincidences is 


O[nyn+4(p,—1)]+-m,(N?)-+n,(NM). 
From these we must deduct @x, coincidences at cuspidal points, 


and n, times the number of improper coincidences in the case 
our curve is a straight line, namely, 


ny[(NM)+0(n—4)—I]. 
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There will thus remain 
m,(N?)-+-n,I+0[4n,+ 4(p;—1)—x,] = m,K+n,I4+0[3m,-+ x]. 

Theorem 15] If a two-parameter system of curves have a total 
cuspidal component K for an arbitrary point, and a total inflexion 
component I for an arbitrary line, and if © of the curves touch an 
arbitrary line at an arbitrary point, then the number which osculate 
a curve of order n,, class m,, and cuspidal index x, is* 


m,K+n,I[+0[3m,+«,]. (14) 
This formula will give the correct number of inflexions of a 
curve if we put J = —3. This seems a bit arbitrary, to say that 


a straight line has —3 inflexions, but there is this justification 
for it, in that it follows from Pliicker’s equation 
t—K = 3(m—Nn). 

The next problem is, obviously, to find how many curves of 
our two-parameter system will touch two given curves in general 
position. It is just as easy to generalize this to the problem of 
finding the number of curves of a k-parameter system tangent 
to k given curves. Let us, then, suppose that we have a k- 
parameter system given by such equations as (1) and mean by 
(NsM'), s+t=k the number of curves through s points and 
tangent to ¢ lines, in general position, i.e. this is the order of 
the equation which we come to when we try to find the curves 
through so many points and tangent to so many lines, after 
extraneous factors have been thrown out. We are going to 
demonstrate that if k curves be given whose orders are 1), %y,..., 
m,, and whose classes are ™m,Mp,...,m, in general position, the 
number of curves of our system tangent thereto is 
Tl (m,N-+n,M). (15) 
i=1 

We have seen in Chasles’s theorem 14] that this formula is 
correct when k= 1. Let us assume that it holds for any (k—1)- 
parameter system. Consider a k-parameter system. Let P be 
a point of a kth fixed curve of order n,, class m,, genus p,, 
and cuspidal index «,. The variable curves through our point 
P form a (k—1)-parameter system whose indices are (N*), 


* First proved by Halphen!, p. 475. He considers a system of curves given 
by a differential equation. Another proof was found by Zeuthen®, pp. 302 and 
304, by reasoning from degenerate cases in a very dangerous fashion. 
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(NRA) a. ne M mit The number tangent to k—1 curves is, by — 
hypothesis, N TL (m,N +n,M), so that to P will correspond — 


Il(m,N+7,M \N Fed points P’: to P’ will correspond as 
many points P, and the value of the correspondence is ~ 
II(m,N +n,M)N, so that the number of coincidences is 


i=k-1 
2 TL (m.N-+n,M)N{[nn;,+ (p.—1)]- 
i=1 
From these we must deduct, in the first place, 
x, II (m,N +n,M)N 


coincidences at points with a cuspidal index above 0, and m, ’ 
times the number of improper coincidences when we apply this 
formula to a straight line, namely, 


i=k-1 i=k-1 
m2 Il (m,N+n,M)N(n—1)— U1 (m,N +n) } 
4=1 4=1 
We have left 
i=k-1 
i=1 


o (m,N--n,M). (15) 
i=1 


Theorem 16] The number of curves of a k-parameter system 
tangent to k given curves of oak N1, Ng;---, Nz, and classes My, 


Mg,...,Mz, im general position 18 Tl (m;N-+n,M), where (N*M') 


indicates the number of curves Riowh s general points and tangent 
to t general lines. 


There are a a few enumerative problems whose answers 
take the form TL (x,V+8;M), where «;, 8; are numbers indepen- 
41= 


dent of the system of curves.* In fact the literature dealing 
with similar problems, especially in the case of conics, is quite 
extensive.f It is also true that a good many mathematicians 
look askance at the methods employed, which frequently con- 
sist in finding the number of solutions to a problem in a limiting 
or special case, and reasoning back to the number of solutions 
in the general case. The initiator of the general proceeding was 


* Zeuthen®, pp. 306 ff. 7 Cf. Zeuthen®, Part III, ch. 3, pp. 290 ff. - 
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Schubert.* It is certain that he and his followers have suc- 
ceeded in solving a good many problems that have baffled 
others, but a doubt often remains as to whether the reasoning 
is legitimate and the answers correct. Geometers of the first 
rank, such as Severi and Study, have held divergent opinions 
on these questions.+ A better foundation for the whole theory 
has recently been developed by van der Waerden through a 
study of the specialization of figures,{ and through the con- 
sideration of topological indices first developed by Lefschetz.§ 
* See especially Schubert?. 


+ See Severi® and Severi*—Study* and Study‘. 
{ van der Waerden’. § van der Waerden’. 


CHAPTER VI 
THE GENERAL CREMONA TRANSFORMATION 


§ 1. Fundamental properties 
We have had frequent occasion to discuss Cremona transforma- 
tions in the course of our work, and found how useful they were 
in simplifying curves. The only transformations we have dis- 
cussed have been linear ones, quadratic ones, and De Jonquiéres 
ones, all of which are factorable in the sense that they can be 


split into successions of collineations and standard quadratic , 


transformations. The time has now come to take up the general 
Cremona transformation and examine it for its own sake. We 
shall see at once that we have here merely a question of studying 
certain very special types of linear nets.* 

Suppose that we have a birational transformation from a 
point (a) in a plane z to a point (a’) ina plane 7’. We shall 
have equations 
pe, = $4(%,%2,%3)  p' = Po(Xy,%y,%z) pz = hg (Xy, Xg, Xp). (1) 

The polynomials ¢; are supposed to be irreducible and of 
order n. This number is called the ‘degree’ of the transforma- 


ion. Th : . ; 
ue Stadt, Uy Py + Uy bg+UZ $3 = 0, 


which lie in the plane 7, and which correspond to straight lines 
in the plane 7’, are called by the cacophonous name of ‘homa- 
loids’. Their totality is a ‘homaloidal net’. In order that this 
transformation shall be birational, or a Cremona transforma- 
tion, it is necessary and sufficient that two of them should have 
but one variable intersection. They must clearly be rational 
curves. Our curves must pass through certain points P,, P5.,... 
with multiplicities r,,7.,..... These points are called ‘funda- 
mental points’ of the transformation in the plane 7. Ifa variable 
point approach a fundamental point as a limiting position, its 
mate in the transformation will approach some definite limiting 
position, depending upon the method of approach. In the plane 
m’ there will be a curve, all of whose points correspond to the 

* An excellent bibliography will be found in “Topics’, which has been of the 


greatest use to me in writing these last three chapters. A very extensive work 
is that of Hudson. Cremona’s first work is reprinted in Cremona’. 


a 
a 
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fundamental point in 7. Such a curve shall be said to be 
‘fundamental’ in the plane. We shall presently see that it is 
a fundamental curve of the net in that plane in the sense of 
Ohl. 
Since two homaloids have but one non-fundamental inter- 
section, we have ST, 
i 


Since they are rational, and a variable curve in a net cannot 
have a variable singular point by Bertini’s theorem 10] of 
Book I, Ch. VII, 


(n—1)(n—2)— > 1,(r,—1) = 0. 


From these equations we get 


Sani-1 Y= 3(n—1) (2) 
x rlrz+1) _ n(n+3) Lge 
2 2 : 


We learned in theorem 16] that the base of a net of rational 
curves has no superabundance; this last equation shows that no 
further conditions are imposed on the curves of a homaloidal 
net than those imposed by the base point. 

Theorem 1] The homaloids of a net are subjected to no restric- 
tions other than those imposed by the fundamental points, and these 
are independent of one another. 

If we eliminate the multipliers p’ from equations (1), we get 

H;; $j(X1, Uy, Ly) — 2X}, Hy (Ly, Wy, Ls) 

= W; $y(L1, Va, L3)— Ly, H;(Xy, Lp, X3) = 0. 

These equations will have, ex hypothesi, but one solution depen- 
dent on (x’), so that we shall have 
pry = $4 (24,29, 23) Pg = $(%1,X9, 73) prs = 3(%4, 23, V3). (3) 
Here is the inverse of our given transformation. The curves ¢; 
are the homaloids of 7’. If we take a line and a homaloid in 7, 

UX 1+ Ug y+ Ugts = 0 Uy Py +U; fot U3 $3 = 0, 
the number of variable intersections is n, hence the correspond- 
ing curves 

ty $i tun $h-+tlgh = 0 wise, users tule = 0 


have n variable intersections. 
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Theorem 2] A Cremona transformation of the plane and tts — 
inverse are, necessarily, of the same order. 

It is an interesting fact that this theorem is not true in spaces 
of more than two dimensions. 


Let us look for a fundamental curve ~’ in 7’, that is to say, 
a curve all of whose points correspond to a single point (y). We — 


shall have three equations: 


Y; Pe — Yue Pj = 94(@1, L, €5) "(4 Lp, #3). 

These three equations give two linearly independent homaloids 
which include the fundamental curve #’. It will therefore form 
a part of a pencil of homaloids. The general homaloid cannot ° 
have a variable intersection with it, as then the general straight 
line in the other plane would go through (y). A homaloid which 
meets this fundamental curve at any but a fundamental point 
must include it all. 

Theorem 3] A fundamental curve of a Cremona transformation 
is a fundamental curve of the corresponding linear net in the sense 
defined in Ch. I. It forms a part of a pencil of homaloids, the 
variable parts corresponding to lines of a pencil through the corre- 
sponding fundamental point of the other plane. 

If our point (y) in the equation above lay on a pencil of 
homaloids, and not on other homaloids, then the curve #’ would 
meet the lines of a pencil, and not other lines, which is absurd. 

Theorem 4] The only points which can correspond to curves 
are fundamental ones. 

Suppose, conversely, that we have a fundamental curve of 
a homaloidal net. Since it cannot share a non-fundamental 
point with a homaloid unless the latter include it, it must 
correspond to a point, not a curve, in the other plane, and so 
be a fundamental curve of the transformation. 

Theorem 5] The fundamental curves of a homaloidal net are 
fundamental for the corresponding Cremona transformation. 

What is the Jacobian of a homaloidal net ? It is the locus of 
additional singular points of curves of the net. But since the 
general curve is rational, the additional singularities can only 
come in when a homaloid becomes reducible. But a homaloid, 
reducible or no, with an additional singular point would seem 
to correspond to a straight line with a singular point, which is 
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absurd. Hence one part of such a reducible homaloid must be 
fundamental, or the Jacobian is composed of fundamental 
curves. Conversely, if we take a point on a fundamental curve, 
all the homaloids but one through that point have the same 
tangent, and that one is reducible with a double point there, 
a property characteristic of points on the Jacobian only. 

Theorem 6] The Jacobian of a Cremona transformation is 
composed of fundamental curves, and every point on a fundamental 
curve lies on the Jacobian. 

We shall have to sharpen this theorem somewhat when there 
are infinitely close fundamental points, and multiply counting 
fundamental curves. 

Lemma. If the curves of a linear system do not have a com- 
mon tangent at a base point, it is an ordinary singularity for the 
general curve that has a singularity there. 

We see, in fact, that the condition for any singularity other 
than ordinary is quadratic, unless all the curves have a common 
tangent. 

Theorem 7] If the fundamental points of a Cremona trans- 
formation be all distinct, they are ordinary singular or non-singular 
points for the general homaloid. 

Suppose that such a singular point is O; of order 7r,;. Our 
homaloids may be written 


pt = 13-10} (a4, 1, %3)+.... 


The three polynomials #; have no common factor not a con- 
stant, for if they did so, all homaloids would be tangent at that 
point, or we should have clustering fundamental points. If we 
put x, = 1, v7, =Az, and divide out 27}, we get 


px, = 671(1,A)+2,0. 
If we allow x, to approach 0, then («’) will approach a definite 
limiting position on the rational fundamental curve 
p xy a 671(1,A). 
Theorem 8] A fundamental curve at a finite distance from all 
others will correspond to a rational fundamental curve whose order 


is the multiplicity of the point. 
The second of our equations (2) gives the sum of the orders 
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of the fundamental points, and we see that this is the order of — 
the Jacobian. 

Theorem 9] If the fundamental points be all distinct, the order — 
of each will be the order of the corresponding fundamental curve, — 
which will appear but once as a factor of the Jacobian. 

It is to be noted that this method breaks down when we | 
have clustering singular points, except for the leader of a cluster. 
Consider the quadratic transformation 


, Tee Ne Sak 
pry = ay Pp Uy = 1 Lp thee? We ee a 


The point O, in z is certainly fundamental. But if we put 
%3 = 1, x, =Az, and divide by 2,, we get, when x, = 0, 
t=O xe wae A, 

which looks as though this fundamental point corresponded to 
a single point. To get the real facts we write the inverse trans- 
es pXy = 14% pig = x5" pls = X4X3. 
We see that the line 7; = 0 corresponds to O03. The Jacobian is 
Ry ee 

0 2 0} = 245257, 

x, O 24] 
so that the fundamental line mentioned appears twice as a 
factor. 


§ 2. Néther’s factorization theorem 

In theorem 11] of Ch. II of the present book we found that all 
infinite linear systems of rational curves could be reduced by 
a factorable Cremona transformation to one of a small number 
of types. When we limit ourselves to a two-parameter net of 
rational curves, we see that the only irreducible type is that 
of all straight lines of a plane. If, therefore, we have a Cremona 
transformation 7’, and if S be the factorable Cremona trans- 
formation that carries its homaloids into the totality of lines, 
then the transformation 7'S-! carries lines into lines and is a 
collineation C, or T = SC, 


which shows that 7 is factorable. We thus get the magnificent 
result known as 
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Nother’s Factorization Theorem 10] Every Cremona trans- 
formation can be factored into a product of collineations and 
standard quadratic transformations.* 

The history of this theorem is curious. It stood unchallenged 
for some thirty years till Segre® showed that the usual proof 
was invalid for certain arrangements of the fundamental points 
It is said that Nother shed tears when he heard of this. There 
was no need to do so. A valid proof was presently found by 
Castelnuovo’ using a De Jonquiéres transformation. One of the 
best proofs is Alexander, q.v. 

Suppose that we have two successive Cremona transforma- 


tions: 
p'X; = $;(%4, Lg, Xs) 


a 


oa, = 0; (ar, £2, x3) 
= 9:($1, $2 $s) 
O(@{, 29,03) yx O(% 7, #9, 3) O(@4, Xp, #3) 
O(X1, Lp, X5) A(X}, L4,%y) O(Ly, Lp, 3) (4) 


The Jacobian of the product is made up of the Jacobians of 
the two factors unless a part of the Jacobian of the first factor 
is fundamental for the inverse of the second. 

Theorem 11] The fundamental curves of a Cremona trans- 
formation are composed of the transforms of the fundamental lines 
of the factor quadratic transformations except in so far as a point 
which is fundamental for one factor is also fundamental for the 
inverse of the product of the preceding factors. 

Theorem 12] The irreducible fundamental curves of a Cremona 
transformation are rational curves, each determined by a normal 
base. 

In the quadratic transformation which we considered on 
page 446 there are but two distinct fundamental points, with 
a third nestling close to one. The fundamental curves of the 
inverse transformation were two lines, of which one was counted 
twice in the Jacobian. Here is another illustrative example: 


p'%, = X4(«—Xp)3 
p'%y = L9(X4— Wy) (5) 
p’x's = f'9(1, 1)x$?(ay, g)vg—Y"(1, 1)p3(ay, 2). 

* Nother’, p. 167. 
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The homaloids are cubics with a node at O, and four simple — 


fixed points, namely, (1, 1, 1) and the intersections of 
tz = 0 f*(21, %_) = 0. 
The inverse transformation is 
pay = [3(1, 1) f?(ay, ay) —arg (ay — XQ) Jy 
pity = [6%(1, 1) P%(xj,25)—ars(aj—as)Jes (6) 
pts = Y?(1, 1) ?(24, 09). 


The homaloids are cubics with a node at O, and a fixed 
tangent there, ie. an infinitely near simple base point. If we 


form the Jacobian of the inverse transformation (5) it will be’ 


found to contain the factors (7,—2,)2x3, which correspond to Os. 
We may say that the double point corresponds to the reducible 
conic (%,—2,)v, = 0, and the infinitely near single point to the 
line x,—%,=0. We shall develop this idea in more detail 
presently. 


§ 3. Applications of the factorization theorem 

If a point P be fundamental of order 7; and at a finite distance 
from all other fundamental points, or else the leader of a cluster, 
then a line through it meets a general homaloid n—r, times in 
variable points. Corresponding thereto we shall have the same 
number of variable intersections of a general line with so much 
of a reducible homaloid as does not correspond to the point P,. 
This shows that the corresponding fundamental curve is of order 
r,; A curve of order v with the multiplicity s; at P, will have 
nv—r,s; variable intersections with a general homaloid, and so 
will transform into a curve that is reducible and contains the 
curve of order 7; as a factor s, times. 

When the fundamental point P is included in the interior or 
end of a train we cannot, unfortunately, proceed so simply; the 
facts are, however, the same, as we shall proceed to show 
indirectly. 

Consider two Cremona transformations S and 7’ which come 
in that order. What of the product 7'S ? What are the funda- 
mental points ? They are, I) fundamental points of S which are 
not carried into curves which are fundamental for 7’, II) the 
S-1 transforms of those of 7’ which are not fundamental for S-1. 


¥ 


: 
; 
‘ 


: 
‘ 
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The fundamental curves are, I) those of S which are not carried — 
into points fundamental for 7’, and II) the S-! transforms of 
those of 7’ which are not fundamental for S-1. Suppose, now, 
that S is a Cremona transformation which has the property 
that an irreducible fundamental curve of any order, say v, with 
any permissible multiplicities s,, s,,... at the fundamental points, 
goes into a curve which is reducible, containing the fundamental 
curve of S-1 which corresponds to P exactly s,; times for P;. 
Let 7 be a standard quadratic transformation. Consider T'S. 
If we take a fundamental point of 7'S of type I), our funda- 
mental point considered as a point of our given curve is carried 
by 7'S into the 7 transform of a certain curve counted s, times. 
If it be a point of type IT) looked on as a point of our given 
curve it will go into s, times the corresponding line of the quad- 
ratic transformation 7. Hence 7'S has the property assumed 
for 8. 

Theorem 13] Jf a curve have any set of permissible multi- 
plicities at the fundamental points of a Cremona transformation, 
it will be carried into a reducible curve which contains each funda- 
mental curve of the other plane a number of times equal to the sum 
of the multiplicities of the corresponding fundamental points. 

Suppose that 8 is a transformation which has the property 
that each factor of the Jacobian appears to a degree equal to 
the sum of the multiplicities of the infinitely near fundamental 
points of the inverse transformation that correspond. thereto. 
We wish to show that the same applies to 7'S. To be general, 
let us assume that each of the fundamental points of 7’ is 
fundamental for S-!. Then S may be written 


ax, = $0295 © = ffo950, as = 309s, (7) 
and, since 7’ is a standard quadratic transformation, we 
write T'S 

a = A, pos 15 = Oo fy hy a, = 03 py po. 
If we have three curves of the same order y¢,, x¢2, x3, We find 


by a skilful use of Euler’s theorem, or the geometrical property 
of the Jacobian, 


(xd. Xb x3) pal (x3 Hd; po, Ps). 
O(X4, Lg, X3) A(X, Lg, Xs) 
3781 ag 
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Hence, since 0,0,0,27% = xia;,, we have 


(0,005)? O(a}, Xp, HR) _ (19%, 1321, 4,25) 
ag O(24, Ly, 3) A(X, Xp, %5) 


A(x 4x3, L5%4, LX) , (24,29, w3) 


OT he 
A(x, Vy, Lg) ae ? Olas He, ay 
Now x = 8,040! 
a 
Op, 06, 
hye he py aa, 
Ox, %,%5) us 630303 D 
O(x1, Lg, %3) 1 
Oy 00, 
O(a4,%,%3) As 6,005 : OX, ; OX, 
(2%, Lo, 3) . e A 
oe Phy 2 
A(x, 24,03) 1 on Py any BS Sars 
= = 2 1 1 s 8 
O(%,%,X3) Pate ts Ca, Ceca, hoe As eae (8) 


The determinant factor here is the same as in 
Alar 3255204) 
O(a 1 %25 as) 
It gives the fundamental curves which do not correspond to ~ 
O,, O2, O; a8 fundamental points of S-t. The orders of the multi- 
plicity of such fundamental points will not be altered. Hence, 
if the order of each factor of the determinant be the sum of the 
orders of the infinitely close fundamental points which corre- 
spond thereto for S, it will also be so for 7’'S. The new factors 
#1, &, %, correspond to O,, O,, O,. But these three points are 
either at a finite distance from other fundamental points or are 
leaders of trains of clustering points, and we have seen that 
their orders are those of the corresponding curves. 
Theorem 14] Hach fundamental point of a Cremona trans- 
formation will correspond to a fundamental curve whose order is 
the multiplicity of the pont, and each factor of a fundamental 
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curve will appear to a total multiplicity which is the sum of its 
multiplicities for the infinitely near fundamental points corre- 
sponding. 

We get at once from 13] and 14] 

Theorem 15] If a Cremona transformation of order n be given 
with fundamental points P,, P,,... of orders 11, 19;..., then, if a 
curve of order x, have at these points the multiplicities s,, 85,..., the 
non-fundamental part of the transformed curve will have the order 
NXy—1184—NSg—-.. 

Let P be an isolated fundamental point or the leader of a 
train, its coordinates being (y). We have 


PYi—PiYj = OY 
Hence, in 7’ every curve which corresponds to (y) or a point 
infinitely near is a factor of w’. 

Suppose that the transformation S has clustering singular 
points P;, P;;,... following in that order, and that the funda- 
mental curve corresponding to each P includes as a part of it- 
self all factors corresponding to subsequent P’s. Consider S17’ 
where 7’ is a standard quadratic transformation. A 7’ transform 
of a fundamental point whose corresponding curves have this 
clustering property will give a new fundamental point whose 
curves have the property, a fundamental point of 7' that is also 
fundamental for S-17' will either be distinct from other funda- 
mental points or the leader of a train. 

Theorem 16] Jf a Cremona transformation have a cluster of 
following infinitely near singular points, the fundamental curve 
corresponding to any point c includes im itself those which corre- 
spond to all infinitely near following points. 

Let P; be an isolated fundamental point, or the leader of a 
train, its multiplicity 7;, while it has the multiplicity «,; for 
a curve of order 7; which corresponds to the point FP; of the 
other plane. Let the curve of order 7; which corresponds to P; 
in 7’ have the multiplicity «;; at P;. A homaloid which includes 
the curve of order 7; and which comes from a line through P; 
will have a variable part of order n—r; with a multiplicity 
r,—a,; at P;. It will meet a variable line through P in 
N—1;,—M +4; variable points, and these will correspond to 
n—ri—1,+4a;, variable points in 7 where a line through P meets 

ag?2 
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the non-fundamental part of a homaloid corresponding to a line 
through P. Hence a,;; = a;,. 

Let S be a transformation that has the property that the 
order of a fundamental point for a fundamental curve is the 
same as the order of the point that corresponds to the curve, — 
for the curve that corresponds to the point. This is certainly — 
the case for a transformation with distinct fundamental points 
such as a standard quadratic one. Consider the transformation 
S17’. The 7 transforms of the fundamental points of S-! which 
are fundamental for S-!7' will retain the property mentioned 
above, the fundamental points of 7’ are either distinct from 
other fundamental points, or leaders of trains. 

Theorem 17] The multiplicity of the fundamental point P; foe 
the curve corresponding to the fundamental point P; is equal to the 
multiplicity of P; for the curve corresponding to P;. 

Suppose that we have a transformation of order n, and that 
a certain curve of order NV has multiplicities s,, s,,... at the funda- 
mental points of orders 7, 79,..., and ¢,, fj,... at other points. Let 
the corresponding curve be of order N’, its multiplicities at the 
fundamental points rj, r,..., and at other points #4, ¢,.... Since 
the two systems of points have the same superabundance for 
the two curves, we have 


N(N+3)— > 8,(8;+1)— > 4,(4,+1) 
=NW'$8)— ¥ ai(si41)— 3 t+ 0). 
The two curves have the same genus, so that 
N(N—3)— % 8;(8,—-1)— > ,(t;—1) 
= N’(N'—3)— > s;(s,—1)— > ti(t}—1). 
We get, hence, 
3N— > ti- 2 4= 38N'— > 8 SF, (9) 
ad Ped ee We Se. SH, (10) 
We shall presently prove that the number of fundamental 
points is the same in both systems, so that YL SP 


3(N—8)— > (s,—1)— 3 (1) 
= 3(N’—3)— > (6;—-1)— > G1), 

— > (8;-1)?— > (t,-1)? 
= (N’—3)'— S (1p 5 1 
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; 


This suggests that a special adjoint is carried into a special 
adjoint. We saw in the second section of Ch. II that under 


‘a standard quadratic transformation the special adjoint system 


of any index goes into a special adjoint system of the same 
index, if fundamental curves be counted properly. But we 
learned in Nother’s factorization theorem of the present chapter 
that all Cremona transformations are factorable. This gives 

Theorem 18] A Cremona transformation will carry the special 
adjoint system of any index of a curve into the special adjoint 
system of the same index of the corresponding curve, if funda- 
mental curves be counted with the correct multiplicity. The pure 
adjoint system will also go into the pure adjoint system when the 
genus exceeds 1. 

Returning to equations (9) and (10), we get 

Montesano’s Theorem 19] Jf a Cremona transformation carry 
a curve of order N with multiplicities s,, 8,... at the fundamental 
points and ty, ty,... elsewhere into a curve of order N' with multi- 
plicities 81, 85,... at the fundamental points and t;, th,... elsewhere, 


then* SNe eee fen GN = Se, a, (9) 
Nt_ ¥ — FH = Ny oP DH, a) 


§ 4. The identities of Clebsch} 
We have encountered a number of important integers in our 
theory of Cremona transformations; it is important to establish 
a series of identical relations connecting them. The theorem of 
Montesano just established gave us a good start. We found at 
the beginning of the chapter 
>= n?-1 > 1 = 3(n—1). (2) 
a i 
Applying Montesano’s relations (9), (10) and (2) to a fundamental 
curve which comes by successive transformations from a straight 
line determined by two fundamental points, we have 


>, % = 3rj;—1 >, %j = 3r,—1, (11) 
4 j 
err ee (12) 
a j 


* Montesano’, p. 365. + Cf. Clebsch*, also Hudson, ch. 2. 
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Since a fundamental curve meets a homaloid only at funda- | 
mental points, ray =r; Dita = Me (13) 
a 
Two different fundamental curves can meet only at funda- 
mental points: 
S Xj Xk = rik a Xi XKt = iV ke (14) ' 
i j 
We get from (11) and (2) 
82.fersD hee Site Zlee Oe rane 
Br EV =F ay Dk = N- Say 
Sie bas. 
Theorem 20] A Cremona transformation and its inverse have 


the same number of fundamental points. 
Let us next look at the determinant 


Cat ees ee 
Oo . . . . . = WG (15) 
Gi oe, Mae eee Rae 
Squaring and comparing with (12) and (14), we get 
72 , 2 
tar iol Nona en Me a | Ti--Iv fe. ea ewe 
mr etl Soe. S| Wet Te ee ee A2 
e ~ . . . . . : 
Pi eee aN geek Oo Wraberieren Hie. 


Expanding in terms of the 1’s in the principal diagonal, 
PE ie er ah 


The coefficients of lower powers willcome from determinants like 


2 
Lee ee eee 
oN1 . . : . . SH) = 0. 
TEE Wane es i eee 
f= 
A=-+n. (16) 


We shall next proceed to arrange our determinant in a very 
special order. We remember that the only conditions imposed 
upon a homaloid are that it should have certain multiplicities 
at certain fundamental points. If we group together all of the 
fundamental points of one order, they must appear symmetri- 


' 
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cally with regard to the various fundamental curves. Let the 
first rows of (15) correspond to the complete set of fundamental 
points P; of one first multiplicity, the second set to points of 
a second multiplicity, and so on. In the same way, the first set 
of columns shall correspond to points P’ of one multiplicity, 
the second set to points of a second, and so on. We thus divide 
the matrix into rectangles, all the rows in one rectangle corre- 
sponding to points P, of one multiplicity, all the columns to 
points P; of one multiplicity. In such a rectangle, if a set of 
numbers a,; appear in one row, they will appear in every other, 
and every possible permutation of them will appear. A similar 
result will hold for the columns. Let the width of such a rect- 
angle be k, and its depth k’. Let there be a different permuta- 
tions of the numbers in one row, 7’ permutations of the numbers 


in one column k' >a k>7'. 


Now the number of permutations of a set of objects is greater 
than the number of objects, except in two cases, A) all are alike, 
B) one is different from the others. If all of the «,;’s were alike 
in one row of a rectangle, they would be all alike in every other 
row, and the columns would all be alike, i.e. all the «,,;’s in the 
rectangle would be alike. But if all rectangles were of this sort, 
the value of the determinant would be 0 and not +n. Hence 
A) cannot occur in each rectangle. If all the «;,’s but one were 
alikein arow, the same would be true of a column; we should have 
ko =k bog =k Tae, 

which means that the rectangle is a square. 

It is important to notice next that two such squares could 
not share a row or a column, as some of the fundamental points 
of a given order would appear asymmetrically to others of that 
order; hence we can place such squares so that their principal 
diagonals fall on the principal diagonal of the determinant. 
Also we can fill the whole principal diagonal this way, as other- 
wise two rows would be alike. We thus get 

Clebsch’s Cremona Transformation Theorem 21] In a Cre- 
mona transformation and its inverse, the groups of fundamental 
points of like multiplicity are of the same size in pairs. 

Two equivalent groups of this sort in the two transformations 
are defined as ‘concordant’. We may also speak of a group of 
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points and of fundamental curves as concordant. Suppose that — 
all of the a;;’s but one in a row or column have the same value 
r and the odd one has the value r’. The other rectangles which 
share rows with this first square must be of the other kind where 
all members are alike, hence, if we take two rows, not only in © 
the rectangle but right across the determinant, they differ only — 
in this, that in two places one has multiplicity r, and the other 
the multiplicity r’, and the number of intersections is rr’ instead 
of r2 and r’2, as would be the case if they had the same multi- 
plicities everywhere. Consider the total number of intersections 
of the curves of order rj, which correspond to these two rows: 
Pike Ps OenOLj = a a}, —r?2—r’2 Qrr’. 
v v 
But ya or, = re 1 
v 

(r’—r)? = 1. (17) 

Theorem 22] If a group of fundamental points be coordinated 
to a group of fundamental curves, then at each of these points each 
of the curves has the same multiplicity eacept that at each point 
one different curve has a multiplicity one more or one less than 
the others.* 

This can be pushed a bit further. Let Q,, Q. be any two 
fundamental points of a group. We may coordinate Q, with Q4 
in the other plane, and Q, with Qj in the sense that the curve 
of order rj, which corresponds to Q; has multiplicity 7’ at Q, and 
r at Qs, while the curve of order 7, corresponding to Qj has 
multiplicity r at Q, and r’ at Q,. The two curves will have the 
same multiplicity at the other fundamental points. 

Let us next take a curve in the plane z which has multiplicity 
8, at Q, and s, at Q,. These numbers are the same as the 
numbers of non-fundamental intersections of the transformed 
curve of order v’ in 7’ with the curves of order r;, corresponding 
to Q, and Q,. In one case there will be r’s) intersections at Qj, 
rs, at Q, and N others; in the other case rs} at Qj, 7's at Q3 
and JN others: 8, =v'r,—1's',—1s,—N 

8. = v'7,—18,—1's,—N 
(81—83) = (r—1’)(8, —83). 
Hither s,;—s = 8.—s}, or 8,+8; = 8 +85. 
* Bertini’, p. 445. The details of the proof are ascribed to Bianchi. 
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Theorem 23] If two coordinated groups of points P,, P,,... and 
P,, Py,... be given, and if any two points of the first group be given, 
each may be coupled with one of two points in the coordinated group 
im such a way that either the sum or the difference of the multipli- 
cities of any two corresponding curves at one couple of points is 
equal to the corresponding sum or difference for the other couwple.* 

Consider a curve of order rj, corresponding to the point P,. 
We are to compare its multiplicities a, and «,, at the funda- 
mental points P; and P; of multiplicities r; and r; respectively. 
Let us assume that 7; >7;. Suppose, also, that oj, < aj, ie. 
since we are dealing with integers, a;,<0;,+1. Let us see 
whether we can find a curve of order r;, with multiplicity a,;,-+1 
at P, and «;,—1 at P;. The increase in the number of conditions 
imposed on this curve as compared with the fundamental curve 
of order 7r;, given by a complete base is 
(Wp I)(%p +2) — vex (oin +1) 4 Me —1) ay (o,+1) 

2 iy Saas 2 2 
= oy, +1l—aj, < 0. 

We are not, therefore, imposing too many conditions on the 
supposed curve. It will be transformed into a curve whose 
order, by 15], is 


= 2, Ot ia Gl; = et Pei = 0. 


This absurd result leads to 

Theorem 24] If two fundamental points be of different orders, 
that of higher order cannot have a lower multiplicity for any 
fundamental curve. 

It is to be noted that this theorem holds even when the lower 
multiplicity is 0. A number of interesting corollaries follow 
immediately. 

Theorem 25] If a fundamental curve contain a fundamental 
point of any order, it contains all those of higher orders. 

Theorem 26] If two fundamental curves pass through the same 
fundamental point, that of lower order cannot have higher multi- 
plicity there. 

We could not have a fundamental point which lay on no 
fundamental curve, for there would correspond a fundamental 


* Montesano’, p. 365. 
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curve through no fundamental point, but a fundamental curve 


meets a homaloid nowhere else. A Cremona transformation — 


where all of the fundamental points are of the same order is called 
a ‘symmetric’ Cremona transformation. We shall determine in 


the next chapter what symmetric transformations actually exist. - 
Theorem 27] In an unsymmetric Cremona transformation, — 


every fundamental curve of highest order goes through every funda- 


mental point of order above the lowest, and through at least one of — 


the latter points. 
- Suppose that some fundamental curve, not of the lowest 
order, goes through a point of the lowest order, some other 


curve of this order goes through each point of lowest order.’ 


Hence, by 26], we get 

Theorem 28] If in an unsymmetric Cremona transformation 
a fundamental curve not of lowest order pass through any point of 
lowest order, then every fundamental curve of higher order goes 
through every fundamental point. 

We saw in the reasoning that led up to 10] of Ch. IT of this 
book that, since a homaloidal net can be carried over into the 
system of all coplanar lines, the sum of the three highest orders 
for fundamental points must exceed n. 

Theorem 29] The sum of the three highest orders of the funda- 
mental points, or three highest orders of the fundamental curves, of 
a Cremona transformation exceeds the order of the transformation. 

Suppose that one fundamental curve is a straight line. It will 
pass through a fundamental point of highest order, and at least 
one fundamental point of the same or next highest order. It 
could not contain any third fundamental point, for it would 
have to contain the third highest then, and the sum of the 
multiplicities of the three highest would, by 29], give too many 
intersections with a homaloid. On the other hand it could not 
meet a homaloid in any non-fundamental point. 

Theorem 30] If in a Cremona transformation a straight line 
be fundamental, it will connect a point of highest multiplicity with 
one of next highest; the sum of these two multiplicities will be the 
order of the transformation. 

Theorem 31] Unless there be two or more fundamental points 
of order n/2, if there be any fundamental straight lines, Wer all 
radiate from one point of highest multiplicity. 
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§ 4. Transformations in one plane 

We have so far treated the planes 7 and 7’ as if they were 
totally distinct. For some purposes it is more interesting to 
look upon a Cremona transformation as a means of carrying 
a plane into itself. Here certain new questions arise. 

Let S-! be a Cremona transformation, and 7 a standard 
quadratic transformation. The fundamental points of S-17'-1 
are those of 7’, and the 7' transforms of those of S-1, and these 
are usually different from those of S which are fundamental 
for TS. 

Theorem 32] A Cremona transformation and its inverse have 
not, usually, the same fundamental points. 

Let us look for fixed points in a Cremona transformation. 
The coordinates of such a point will satisfy three equations of 
poeene H; Pj(Ly, Lg, Ly) —X; Hi(%1, Xg, %y) = 0. 

It is better to replace these equations by some others obtained 
by a simple geometrical device. Take a fixed point (£). If the 
corresponding points (x) and (x’) be collinear with this, we have 


ff & 
Ly Alas) Tae O. (18) 


$: $2 $3 


Such a locus of points (x) is called an ‘isologue’.* There will 
correspond thereto the second isologue: 


Ey bs és 
EW %3|=— 0. (19) 
$, $2 $5 

The point (é) is called the centre. It always lies on the curve. 
If the three expressions x;¢;—2;¢,; be not linearly dependent 
with constant coefficients, the transformation is called ‘non- 
isologous’, otherwise ‘isologous’ ; corresponding points are col- 
linear with a fixed point. 

Theorem 33] In a non-isologous Cremona transformation, the 
isologues form a Laguerre net of order one greater than the order 
of the transformation, each passing through the fundamental points 
and the fixed points of the transformation. 


* Cf. De Jonquiéres’. 
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Our equation (18) is immediately transformed into 


&; -€ j (u€) 
L, ©; (ux))=0. 

d; >; (ud) 
If (ug) = (ux) = 0, 
(€;2;—E;%;)(ud) = 0. 

If (ud) £9, £; = pe;, 


or (x) is identical with the centre. On the other hand, the ™ 
intersections of (ux) = 0 (ud) = 0 4 


are independent of (€). 

Theorem 34] If a point trace a straight line, the corresponding 
pencil of isologues will have no other variable intersections with 
that line. 

This we saw previously when discussing the Laguerre net. 

We see from (18) that at an isolated fundamental point, or 
one that is the leader of a train of infinitely near fundamental 
points, an isologue has the multiplicity of a homaloid. More 
generally, if O, be a fundamental point, the general homaloid 


(up) = 0 
and the isologue X5(€5,—£1 $2) = 9 


will have the same multiplicity at O, and for all clustering 
singularities. The general isologue and the general homaloid 
will not have more intersections at the clustering singularities 
than this particular isologue and the general homaloid; on the 
other hand they will not have less, for these two have the 
number that occurs in the general case where the fundamental 
points do not cluster. This gives 

Theorem 35] The general rsologue behaves at a fundamental 
point as does the general homaloid. 

If we take two general isologues, we have to account for 
(n-+-1)? intersections. Of these, > 7? = n?—1 go to the funda- 
mental points, and m are on the line connecting the centres. 
There remain n-++-2 each of which has the property that its mate 
lies in two different directions, ie. coincides with the point 
itself. 'The reasoning is reversible. 


q 


‘ 
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Theorem 36] In a non-isologous transformation of order n there 
are n-+-2 distinct or coalescing fixed points. When there are more 
the number is infinite, or there is a curve of fixed points. 

Suppose that there is a curve of fixed points. The order can- 
not be as high as n+1, for in that case a straight line would 
have that number of intersections with the corresponding homa- 
loid which is of order n. The curve of fixed points will also be 
a part of every isologue. We shall have in fact three equations, 

(Xi: 9;—25b;) =O, — (wb; a5 $i) = Of, (20) 
so that % will appear once as a factor of an isologue. Suppose 
that the curve of fixed points is of order n, the order of the 
transformation. 6; is linear. Since 


lax | = (0x) = 0, 
(8x) =0 
0, = AyyXji— A j1,X;. 
The three lines 6; are concurrent or identical. In the latter case 
they would form a part of which would be of order n+-1, and 


that, we have seen, is inadmissible. Hence these three lines are 
concurrent. Suppose that they meet in O,, we have 


Lp b3—W3 by = Ayp% oy Xyh1—%X1 ps = —Ayy@, pf 2X, $.—U$, =0. 
The transformation is isologous, corresponding points are col- 
linear with O,: 


by = %1X(%1, Lg, X53) bz = U2 X (1%, X5) bs = U3X +2. 

The curve x is fundamental of order n—1. Hence the inverse 
transformation is of the De Jonquiéres type with 2(n—1) simple 
fundamental points. Hence the given transformation is of the 
De Jonquiéres type by 31]. A line through O, is self-correspond- 
ing, and so forms a part of the corresponding homaloid, which 
can meet the general homaloid but once away from O,. It 
appears that % is a curve of order » with multiplicity n—2 or 
n—1 at Og. 

If % have multiplicity n—1 at O,, so has the fundamental 
curve x, for ¢, has the multiplicity »—1. The fundamental curve 
x consists in n—1 lines running from O, to as many simple 
fundamental points. But this disagrees with (12) except in the 
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case where n= 2. In all other cases, ys must have ele ' 
n—2 at Og. 

Theorem 37] If a Cremona transformation have a curve of 
fixed points of the same order as the transformation, it 1s an 1s0- 
logous De Jonquiéres transformation. If the order exceed 2, the — 
curve of fixed points has, at the singular fundamental point, a. 
multiplicity two less than the order of the transformation. 

Suppose, conversely, we have an isologous transformation, 
corresponding points being collinear with O,. We have, first — 
gan, py = XX hg = XqX- 
All lines through O, are self-corresponding. Since they meet: 
other lines but once, they meet homaloids but once, and so we © 
have multiplicity n—1 at O, for all homaloids, and the trans- 
formation is of the De Jonquiéres type. It appears that if a 
point lie on the curve e. 

b3—U3x = 0 


$5 = pu; 

so that this is a curve of fixed points. 

Theorem 38] In an isologous transformation there is a curve 
of fixed points whose order is the order of the transformation. 

A very good example of the isologous transformation is the 
ordinary circular inversion 

Wy = 2y%g = Hyg =H = 23-12? + a2—27?. 
The curve of fixed points 
xi+a%—ai — 0 

has multiplicity 0 at O,. When n= 2 we can have a curve of 


the second order with multiplicity n—1=1 at the point of 
concurrence: 


y= XY by = %gXy b3 = —%3t,+93. 
The homaloids are conics which osculate one another. All 
points of the conic 73—a,x; = 0 are self-corresponding. 
Let us return to the non-isologous case, writing, as before, 
@;b;—%; 6; = 8), x. (20) 
Let us assume that the transformation and its inverse have 
different fundamental points. Let % have the order v and the 
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multiplicity s; at P; and s; at P/. As it must intersect a general 
homaloid as often as it intersects a straight line, we have 


> 18 = w—v, (21) 
2 7{8; = Nv—v. (22) 


Let us look next for the intersections with the curve of order 
r; which corresponds to P;. If the self-corresponding curve go 
through P,, then the curve which corresponds to P, also goes 
through there, and has but a simple point, since it has the 
maximum number of singularities elsewhere. Hence we get 


> 148) = Vi aS 5 (23) 
S 1 4j8; = VT, —8}. (24) 


To find isolated Sit conse uaine points we proceed as be- 
fore, when we assumed there were no self-corresponding points, 
namely, we find the intersections of two isologues. The number 
will then be 


(eq 1—y)?— D Ge 8i)"— (n—v) 


= (n+1—v)?—(n?—1)+2(nv—v)— > 8?—(n—v) 
=n+v—Iv—2)— > 
= n+(v—1)(v—2)— > 87?. 

Theorem 39] Jf a non-isologous Cremona transformation of 
order n have different fundamental points from its inverse, and 
a curve of fixed points of order v with multiplicities s; and s; at 
the fundamental points P; and P;, then the number of isolated 
fixed points 1s 

n+ (v—1)(v—2)— > 8? = n+ (v—1)(v—2)— 3 877, 
>» 8f = 2 § (25) 

It is conceivable that in some cases the isolated points might 
lie on the curve of self-corresponding points. 

Tf a transformation be involutory, each corresponding pair of 
points are coupled both in the transformation and its inverse, 
which is the same thing. In other cases there will, perhaps, be 
a finite number of pairs of points which correspond in both the 
transformation and its inverse, or a curve of such points. If 


a2 = 
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a pair of points correspond in a non-involutory transformation — 
and its inverse they are fixed points in the square of the trans- 
formation. Conversely, if a point be fixed for the square of 
a given non-involutory transformation, it is either fixed for the — 
transformation, or has the same mate in the transformation and — 
its inverse... 

The square of a Cremona transformation of order 7 is, usually, 
of order n?. The number of invariant points is n?-+2, of which — 
n+2 are fixed for the transformation. 

Theorem 40] A non-isologous Cremona transformation of order 
n which has no curve of fixed points has, in general, n(n—1) pairs 
of points which correspond to one another in the transformation 


and in its inverse. When there are more than this, there is a curve — 


of such points, or else the transformation is involutory. 
Let us rewrite the equations of our specimen isologues 


|fap| =O = |Ea'p’| = 0. 
The tangents at the centre have the equations 
IEP(E)| = 9 = |a’EG’(E)| = 0. 
Theorem 41] The tangent to an isologue at its centre is the line 
thence to the mate of that centre in the given transformation.* 
There are one or two other curves associated with a Cremona 
transformation which are worth short consideration. If the two 
mates of (x) in the transformation and its inverse be collinear 


with (€), we have \éb¢’| = 0. (26) 


This is sometimes called the M curve of (€). It is of order 2n, 
when there is no curve of self-corresponding points. A curve of 
self-corresponding points will form a part of every M curve. It 
is not clear whether it should be counted multiply or not. That 
doubt can be removed as follows. Let P be a general point of 
¢;- It will correspond to a single point on 2,;, and so to a single 
point on ¢’ = 0. The line from the latter to (£) will meet 4, = 0 
in m points P’. Conversely, when P’ is given, the line thence 
to (€) meets ¢’ = 0 in n points, each of which corresponds to 
a point of x; = 0, and so to a point P of ¢; = 0. We have, thus, 
on our rational curve ¢; an n-to-n correspondence with 2n 
coincidences. They correspond to the points on x;,—= 0 whose 


1 Cf. Guccia’. 


¥ 
i 
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two mates are collinear with (€), i.e. to the intersections of 
x;=0 with this M-curve, and to the intersections with the 
curve of self-corresponding points, and these need not count 
multiply by Zeuthen’s rule of Book I, Ch. VIII. The order of 
the curve of self-corresponding points is, thus, 2n—v. 

Theorem 42] Jf a non-involutory transformation of order n be 
non-isologous and have different singular points from its inverse, 
but a curve of self-corresponding points of order v, the M-curve of 
a general point has the order 2n—v with multiplicity r;—s, at P, 
and r;—s; at P;. 

There is more interest attached to the related N-curve which is 
the locus of points collinear with their two mates. Its equation is 
app’ | = 0. 

Theorem 43] Jf a non-tsologous transformation of order n have 
different fundamental points from its inverse, its N-curve ws the 
locus of 

a) points collinear with their two mates; 

b) points which lie on the corresponding M-curves; 

c) points where a line meets both corresponding homaloids; 

d) points where the two isologues and the M-curve of one same 
point are concurrent; 

e) points whose two isologues are tangent at that povnt. 

It is clear that our curve of self-corresponding points must 
split off from the N-curve, but it is not clear how often it counts 
as a factor. Let us return for a moment to the case where there 
is no self-corresponding curve. The isologues whose centre is 
(€)-++A(y) have the equations 

leap |-FAlnep| = 0 — [éad"|-+Alnarp"| = 0 
as the centre traces the line from (€) to (7); these isologues trace 
two projective pencils of curves of order n-+ 1; the locus of their 
intersections is found by eliminating A: 
|Exp|. |x’ |—|nxd|.|Ead"| = 0. 

But this may be greatly simplified by a simple device, for 

See bap Ss Hi 

m T2 13 |nepl|| __ Pe 

bess iy) Tiss 

UU Uz |xap| 
—|Ead|.\nvdp’|+ |nvd|.|Exd"| = — |Eqa|.|799'|. 

Hh 


3781 
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The locus is the V-curve, together with the line from (€) to (7). 
Tf all of the curves of one pencil be reducible with a common 
factor, that factor enters to the first degree into the locus; the — 
same will hold for a common factor of the curves of the other 
pencil. Hence % will come out at least twice as a factor. But — 
this is not all. If a point be coincident with both its mates, it 
is collinear with both, and the locus of such points must be 
a part of the locus remaining, so that 4 comes out three times 
as a factor. In certain cases it may come out more often, but 
~ not in general, as we may see by trying a special case. 

Theorem 44] Jf a non-tsologous Cremona transformation of 
order n have different fundamental points from its inverse, but 
a curve of fixed points of order v with multiplicities s,, 8,... at 
P,, Poy... and 81, 8,... at Pi, Py,..., the N-curve will be of order 
2n-+-1—3v with multiplicity r;—3s, at P and multiplicity 1;—38; 
at P;.* 

We return to the self-corresponding points. These fall into 
two categories. In any analytic point-transformation of the 
plane there is a projective relation between corresponding direc- 
tions at corresponding points. It might happen at a self- 
corresponding point that there are two distinct or coincident 
self-corresponding directions, in which case the point is said to 
be of the “first sort’, or all directions are self-corresponding, in 
which case it is said to be of the ‘second sort’. If O, be self- 
corresponding, we may write our transformation 


Wy = WZ" (Ay 1X + Ayy%y)+... 

Wy = WZ" (Ag,%1 + Ay9%q)+... 

3 = U3+ (Agy%1+Ay9%)a gt +... 
This will be of the second sort if 


—_— 


11 = Ag9 Ay, = Ay, = 0. 


The terms of lowest order in a, 7, in the equation of the isologue | 
of a general point are now | 


a} (1 —441)(§%,—E&,%)+.... 


It appears, then, that unless a,, = 1 so that all these isologues 
have a singular point there, the isologues of a general point — 


* Dodhlemann?, 
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_ touch the line from O, to that point at O;. The reasoning is 
easily found to be reversible. 

Theorem 45] The necessary and sufficient condition that a self- 
corresponding point should be of the second sort is that the isologue 
of a general point should either have a singularity at the self- 
corresponding point, or else touch there the line to the general point. 

We get at once from Book I, Ch. IX, 25], that if two isologues 
touch, the point of contact is on the Jacobian of the net of 
isologues. There will be a pencil of tangent isologues, whose 
centres trace the common tangent, such being the property of 
any Laguerre net, as we saw at the end of Ch. IV. This gives 

Theorem 46] All fixed points of the second sort are on the 
Jacobian of the net of isologues. 

If a point have the same mate in a transformation and its 


inverse, we have , , 
$: = pP; |S¢6"| = 0, 


the point will, therefore, lie on every M-curve and on the N- 
curve. | 

Theorem 47] Jf a transformation be not involutory nor wso- 
logous, and if there be a curve of points which have the same mates 
in this transformation and its inverse, that curve is a part of the 
N-curve, and of every M-curve.* 


* Cf. Déhlemann?. 


CHAPTER VII 


TYPES OF CREMONA TRANSFORMATIONS 


§ 1. Types of lowest order 
In the preceding chapter we found a large Paes of properties | 
of the general Cremona transformation, laying great stress on 
the fact that it was factorable, but we did not say much about — 
any particular type of Cremona transformation except perhaps — 
the standard quadratic and the De Jonquiéres. It is our present — 
task to discuss special types. But what do we mean by such 
a phrase ? Is the standard quadratic transformation of the same 
‘type’ as an inversion in a circle? The order is the same, so is 
the number and nature of the fundamental points, so that 
arithmetically the two are alike, geometrically they are in some 
ways quite different, as we know. For the purposes of the 
present chapter, or until further notice, two Cremona trans- 
formations are alike if they be of the same order, with the same 
multiplicities for the fundamental points. We seek at present 
for an arithmetical classification. We must have, in the first 
place, numbers n, 71, 79,... which satisfy the fundamental rela- 


+iCBe > 7; = 3(n—1) > 7=v—1 > b=*; (1) 
and, secondly, we must show that there actually exist Cremona 
transformations corresponding to these numbers. We shall find 
that this latter existence question will involve some further 
considerations. 

If a Cremona transformation be of order 1, it is clearly a 
collineation. There are no fundamental points. If it be of order 
2, there must be three simple fundamental points; the homa- 
loids must be conics through three distinct points, or through 
two points with a fixed tangent at one, or all osculating at a 
fixed point. All of these types are easy to set up. 

Suppose the order is three. Since the cubics are rational, they 
must have a fixed double point, so that the transformation is 
of the De Jonquiéres type. The situation is equally simple when 
we come to quartic transformations. We may either have three 
double fundamental points, or else the De Jonquiéres type with 
a triple point and six simple ones. The case becomes a bit more 
complicated when the order is 5. Here, first of all, we may have 


‘ 
i 


£ 
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_a De Jonquiéres transformation with a fundamental point of 


order 4, and eight simple ones. There could not be a trans- 


_ formation with two triple points, as the homaloids would be 
_ reducible. If there were one triple point, there would have to 


be three double points to make the homaloids rational, and 
three simple points. If there were no triple point, there would 
have to be six double and no single. 

Next take n= 6. There is the De Jonquiéres type with one 
quintuple and ten simple points. If there were a quadruple 
point, there would have to be four doubles to make the homa- 
loids rational, and then three simple points. The maximum 
number of permissible triple points would seem to be three. We 
get solutions of our equations by assuming three triple points, 
one double, and four simple. Or if there were but two triple 
points, we should have to assume four double and one simple 
point. If we assumed less than two triple points, we should 
have to assume such a large number of double points to make 
the homaloids rational that the sum of the orders of the funda- 
mental points would come too high. 

Take n= 7. There is the De Jonquiéres type with a sextuple 
and twelve simple points. If there were a quintuple point, there 
would have to be five double and three simple ones. If there 
were a quadruple point there could not be more than three 
triples; in that case we should have to have five simple points. 
Or we might have a quadruple and two triple points, when three 
double and two simple points would be needed. If there were 
a quadruple and one triple point, we should need six doubles 
to make the homaloids rational, but then the sum of the multi- 
plicities would be too great, and the same would be true if we 
had less than four triple points. But we might have four triple 
points and three double ones; five triples would give us a conic 
with fifteen intersections. 

When n= 8, the only transformations with less than nine 
fundamental points are: 

a) Two quadruples, two triples, three doubles, and one simple. 

b) One quadruple, five triples, and two simples. 

c) Seven triples. 

But how do we know that all of these exist ? Because we 
know that those of lowest order exist, and those of any order 


‘ 
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can be obtained from transformations of lower order by means 


of standard quadratic transformations. 


Fundamental Fundamental 

Order.* points. Order. points. 

l 0 6 3x34+244x1 

2 3x1 6 2x34+4x24+1 

3 24+4x1 7 6+12x1 

4 3+6x1 7 5+5x2+3x1 — 

4 3x243x1 7 41+3xX3+5xX1 

5 4+8x1 7 4+-2%313x%242x1 

5 3+3x2+3x1 q 4x%313x2 a 

5 6x2 8 2X442x3843x241° 

6 5+10x1 8 4+5x3+2x1 

6 4+4x2+3 x1 8 xs 


§ 2. Numerical relations 
In order that a set of points P,, P,,... be fundamental for a Cre- 
mona transformation of order with multiplicities 7, >7r, > 75... 
it is necessary that 
Y= 3(n—-1) DS r=n?-1 oe =r (1) 
Mtr. rytrot... ts < 2n Tytret... +79 << 3n. (2) 
The last three equations result from the fact that a homaloid 
must not intersect a line, a conic, a cubic, etc., too often. We 
get from theorem 10] of Ch. IT 
NM+TetTs > N. (3) 


Theorem 1] If the multiplicity of no fundamental point exceed — 


2, the order of a Cremona transformation cannot exceed 5. 

We have already defined a Cremona transformation as ‘sym- 
metric’ when all the fundamental points are of the same order 
of multiplicity. Here we have 


—l=rr 3(n—1)=9r7, (4) 
n+1 
a een 
atid Stes: 
n+1 


* Cremona! determined all possible types up to nm = 10. Hudson, p. 437, 
gives up to n = 16. In ‘Topics’, p. 84, it is stated that in 1924 Mlodziejowski 
determined all up to n = 24. This I have not been able to verify. It appears 

about as useful as calculating « up to 707 places of decimals, 


— 
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It appears that 18 must be divisible by n+1. The possi- 
bilities, then, are 
fire |, T= 0% Qin iia 1 ak Was S f= 67) 25 

n=8, r=7, 1 =3; MT, oP 8. =e, 

Only one of these is new to us, the last. Let us start with 
the transformation of order 8 and system of multiplicities 
2xX4+2x3+3x2-+1 and take O,, O,, O, at points of multi- 
plicity 2, 2, and 1. We get a transformation of this sort: 

Order 11, fundamental points 2x5+3x4+2x3-+2. 

Continuing successively by taking O,,0,, O, at the three funda- 
mental points of lowest multiplicity, we get the following: 

Order 14, multiplicities 2x6+3x5+3x4. 

Order 16, multiplicities 5x 6+3 5. 

Order 17, multiplicities 8 x 6. 

Theorem 2] The only symmetric Cremona transformations are 
collineations, quadratic transformations, quintic transformations 
with six double points, octavic ones with seven triple points, and 
heptadekadic with eight sextuple points. 

We return to equations (1) and write a familiar identity from 
the theory of determinants* 


DF > 1-(S 74)? = H—I[(n + 1)r—9(n—1)] = § 2 (r;—1)°. (5) 


The last expression is positive, except when it vanishes for a 


symmetric transformation. 
Theorem 3] A Cremona transformation which is symmetric has 


fewer fundamental points than any other of the same order. 
In the unsymmetric case 


(n—1) 

= o ; 

(n+ 1) 
Tf n > 8, pe fie 
If A Tf 8. 


Theorem 4] Jf the order of a Cremona transformation exceed 
7, there are more than seven fundamental points, of the order 
exceed 18, there are more than eight. 

Tt is now time to look for an upper limit to the number of 
fundamental points. If we consult our table we see that in the 


* Cf. Kowalewski, p. 75. 
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case of a De Jonquiéres transformation r= 2n—1, in all other 
cases 7 <n-+2. Let us prove that this is always the case. Sup- 
pose that we have proved this for every Cremona transforma- — 
tion, or every homaloidal net whose order does not exceed n. 
Take a transformation of order n which is not of the De Jon- | 
quiéres type and follow it by a standard quadratic transforma- _ 
tion carrying the net into one of higher order: 
n! = n-+[n—(retrp+%y)]: 
Since n'>n Pyttg tty, <n r<n+2, 
If three fundamental points be added, 
ty = Tp == 9 r=r+3 n’ = 2n 
n'+2—r = n+2—r+(n—3) >0. 
If two fundamental points be added, 


rg= 1, = 0 r =7r+2 n' =n+(n—7r,) 
n' +2—97 =n+2—r+(n—2—,7,). 
Since the transformation is not De Jonquiéres, 
Ty <n—2 n'+2—r' >0. 
If one fundamental point be added, 
r, = 0 fet) n' = n-+(n—1,—Tp) 


n' +-2—7" — N21 Nigel a ip 


But taht g <n. 
Hence tytrg<n—1 n'+-2—r' >0. 
If no fundamental point be added, 
iE n’ =n-+ [n—(ry+rg+7,)] 
n’ +-2—y" — n+ 2—r-+[n—(ry+7g+7y)]. 
Hence n'+2—r7' >0. 


Suppose, secondly, the transformation of order n igs of the 
De Jonquiéres type and the fundamental singular point is not 
included in the set O,, O,, Os, but these include s simple funda- 
mental points, we have 

r =r+3—s n' = In—s s(s—1)(s—2)(s—3) = 0 
r’ = 2n-+2—s8 n'+-2—r' — 0, 


! 


* 
z 
» 
§ 
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If, however, we do include the singular fundamental point, we 
must not include any simple fundamental point, otherwise the 
order would not go up, so that : 
r =r+2=2n+1 n’=n+1 
r’—2n’'+1=0. 

Theorem 5] If a Cremona transformation of order n be of the 
De Jonquiéres type, the number of fundamental points is 2n—1, 
otherwise the number does not exceed n+2.* 

In a De Jonquiéres transformation, the highest multiplicity 
for any singular point is n—1. Suppose that we have a point 
of order n—2. The other fundamental points must be double 
and simple, namely, n—2 double points and three simple ones. 
We have seen that such transformations exist for the lower 
values of n, and it is easy to show that if there exist such a 
transformation of order n—1, there is one of order n. 

Theorem 6] The only transformations of order n with a funda- 
mental point of order n—2 are those which have also n—2 double 
and three simple fundamental points. Such transformations exist 
for all values of n > 2. 

Theorem 7] The highest multiplicity for any fundamental point 
lies in the limits" ** and n—1. 


Suppose there are s points of equal highest multiplicity. 
sr, < 3(n—1) 3r, > 


8< Pue) a= 9. 
n 
Theorem 8] There cannot be more than eight points of equal 
highest multiplicity. 
We saw in theorem 4] that if the order of a transformation 
exceed 17, there must be more than eight fundamental points. 
Tt looks as though the minimum permissible number would go 


up with n, but that is not the case. 
Consider a pencil of cubics with no reducible member. That 


means that no three centres are on a line, and no six are on 
a conic. Let O,, O02, Os be three of these. We may construct a 
homaloidal net of quintics with nodes at the other six centres. 


* Cf. Montesano’, p. 26. 
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Transform by a standard quadratic transformation. The net of — 


quintics goes into a net of curves of order 10, with three quin- 
tuple points and six double points. The net of cubics goes into 
a net of cubics with no reducible member, hence no three of the 


nine fundamental points lie on a line. Take another standard ~ 
quadratic transformation with three of the double points as — 


O,, O., O;. We get a new net of order 14 with nine fundamental 
points, no three of which are collinear, for they are centres of 
a pencil of cubics with no degenerate member. We may keep 
on in this way indefinitely; no three fundamental points will be 
collinear, for no cubic will be factorable, and as the sum of the 
three lowest of nine fundamental points must be less than n, ° 
the order will be increased. 

Theorem 9] There exist Cremona transformations with orders 
greater than an assigned number, yet with only nine fundamental 


oints. 
: Suppose that the sum of the three highest multiplicities is 
Ti Met's; =n+1 
Patlgt oP%, = 3(n—1)—(71 +79) 
rtri+...tr=n—1—r—7 
t(Tsttat.. +1) = r3+rit...+r2. 

The sign of equality holds only when r;=7,=...=7,=1. 
3r3(n—1)—ryr3—Ter'g > 0? —-1—7r}—-7? 
ri+13+1—r,(ry+1r2+3) > n(n—8r3). 

If we put Ty +7retrz,—l=n, 

(te 1)? -a(t 1) a1) > 0, 
But T= Te Ta, 


Theorem 10] The only transformations where the sum of the 
three highest multiplicities is one more than the order of the trans- 
formation are non-linear symmetric. transformations and De Jon- 
quieres ones. 


§ 3. Transformations with a curve of fixed points 

We saw in the last chapter that if, in a transformation of order 
n, we have more than n-+-2 fixed points, there is a whole curve 
of such. Suppose there is such a curve of order v which has no 


Chap. VII CURVE OF FIXED POINTS 475 
singularity at a fundamental point but multiplicity s, there, 
where this number is 1 or 0. As this will meet a straight line 
and a homaloid in the same number of non-fundamental points, 


we have ie ey 

v(n—1)= > s,7;. (6) 
But 3(n—1l) =>, 3;<1. 
Hence y<3, 


and the inequality holds only when s; = 1 in every case. 

Theorem 11] If a transformation have a curve of fixed points 
which has no singularity at any fundamental point, the order of 
the curve is not greater than 3, and can only reach this latter number 
when it passes through every fundamental point. 

Definition. If S,7',and S’ be three Cremona transformations so 
related that S’=7-1 ST, then S and S’ are said to be ‘equivalent’. 

It is clear that 7-1 will carry a curve of fixed points for S into 
a curve of fixed points for S’. If a transformation have a curve 
of fixed points which has no special adjoint of any index greater 
than 1, it is equivalent to a Cremona transformation with a line 
of fixed points, say x;=0. We may write this 

U = Oa, + p25 W = OL Ypoits 3 = Yes, 
ty = Ox, + Yi x3 y= Ox, + oxy Wy = P33. 

As #3 must vanish with x, and x3 with v3, and we may assume 
that 7%, is not a factor of w, and x3, we must have 

te == kak tame ian”, 
so that n= 1. 

Theorem 12] If a Cremona transformation have a curve of fixed 
points which lacks special adjoints of every index, it 1s equivalent 
to a collineation with a line of fixed points. 

Theorem 13] Ifa Cremona transformation have a curve of fixed 
points which lacks all special adjoints of index greater than 1, but 
not all of that index, it is equivalent to a transformation where all 
points of a cubic are fixed. Such a cubic will pass through all the 
fundamental points. 

It is easy to set up such a transformation. Take a cubic 
curve, and a fixed point O thereon. A general point P will 
correspond to P’, its harmonic conjugate with regard to the 
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other two intersections of OP with the curve. The transforma- 
tion is involutory, the general point of the cubic curve is fixed. 
Tf the fixed cubic be written 


y? = f(x) 
and we take the end of the Y-axis as O, the transformation is 
yy’ = f(a). 


Suppose that there is a curve of fixed points of genus greater 
than 1. There will be at least a one-parameter system of special 
adjoints which is carried into itself. Moreover, each curve of 
the system is invariant, for two different special adjoints will 
not cut the same group of the canonical series. If these special ’ 
adjoints be rational curves, we may get a one-parameter set of 
them which, by theorem 11] of Ch. IJ, can be carried into a 
pencil of lines. But a Cremona transformation with a pencil of 
invariant lines is isologous, and so, by theorems 37] and 38] 
of the last chapter, a De Jonquiéres transformation. If the 
special adjoints have genus 1, by theorem 13] of Ch. IT they 
may be carried into a set of cubics each invariant. Such an 
invariant cubic must have two invariant points at least, be- 
longing to the group it cuts of the canonical series of the curve 
of fixed points. We may assume that the tangent at A meets 
the curve again at A’, which is different from B. The g} with 
AA as a pair will be carried into itself, so that the lines through 
A’ are permuted, as are the three points of contact of tangents 
from A’ to the curve. Now if the curve be not harmonic or 
equi-harmonic, the only permutation of three lines of a pencil 
which leaves invariant the cross ratio with a fourth is the 
identical transformation. But a projective transformation of 
the lines of a pencil which leaves invariant four members is the 
identical one, so that all lines through A’ stay in place, or the 
transformation on this cubic is involutory or identical. If 
the cubic be harmonic or equi-harmonic, it may take the third, 
fourth, or sixth power of the given transformation to leave all 
points of the general cubic in place. But if all points of the 
general cubic of an infinite set lie in place, the transformation 
is the identity. 

If the special adjoints of index 1 be of genus greater than 1, 
there will be an infinite number of special adjoints of index 
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2, each having at least two fixed intersections with the curve 
of fixed points, but varying from one adjoint to another, for if 
there were but one, the curve of fixed points would be rational, 
contra hypothesem. We may reason on these adjoints of index 2 
as we did on those of index 1, and so on down. We thus reach 
an admirable theorem due to Castelnuovo: * 

Theorem 14] If, in a Cremona transformation, there be a curve 
of fixed points of genus greater than 1, the transformation is either 
equivalent to a De Jonquiéres transformation, or periodic with 
a period of two, three, four, or six. 

Suppose that a transformation is not involutory, but that 
there is a curve of points which are transformed in an involutory 
manner, and the genus of this is greater than 1. Ifthe special ad- 
joints be rational, we may proceed as before; the transformation 
is equivalent to one where the lines of a pencil are transformed in 
an involutory manner. The product of our transformation and 
an involutory projective transformation of the plane will leave 
all lines of a pencil in place and so be a De Jonquiéres trans- 
formation. On the other hand, if we have a De Jonquiéres 
transformation with the singular fundamental point at O,, and 
follow it by an involutory projective transformation of the plane 
that permutes the lines through O,, the result will still be a De 
Jonquiéres transformation. If the special adjoints of index 
greater than 1 in which we are interested be not rational, the 
square of our transformation is periodic, unless it be equivalent 
to a De Jonquiéres. 

Theorem 15] Jf a Cremona transformation be not involutory, 
but have a curve of points transformed in an involutory manner 
whose genus exceeds 1, then either the transformation 1s equivalent 
to a De Jonquiéres transformation, or it 1s periodic with a period 
two, three, four, six, eight, or twelve. 

Suppose that a curve of genus greater than 1 is carried into 
itself by a Cremona transformation. Let us assume that the 
curve is not hyperelliptic. As this cannot be carried into itself 
by an infinite number of birational transformations, by theorem 
8] of Book IIT, Ch. IV, some power of our transformation will 
leave all points of the curve invariant. We may reason as we 
did before in the case of the last theorem. 

* Castelnuovo’, p. 50. 
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Theorem 16] If a curve of genus greater than 1 be carried into — 


itself by a Cremona transformation, that transformation is periodic, 
or equivalent to a De Jonquiéres transformation. 


§ 4. Involutory transformations 


The most interesting of all Cremona transformations are in- | 


volutory ones. We see at once that if 
oat Sa TST Se =I) 
Theorem 17] A transformation equivalent to an wnvolutory 
transformation is itself involutory. 


“sy 


It is immediately evident that we can find a transformation 


equivalent to a given transformation, but of as high order as 
we please. Hence we cannot limit involutory transformations 
as we did symmetric ones. We can, however, prove that they 
are equivalent to transformations of a few well-defined types. 

Let us first look for involutory symmetric transformations. 
We know well that there are involutory collineations, and in- 
volutory quadratic transformations, such as circular inversions. 
Moreover, the standard quadratic transformation is involutory. 
Next comes the transformation of the fifth order with six funda- 
mental double points. We make an involutory transformation 
of this sort as follows. Let O be the centre of a unit circle, J the 
inversion in that circle, S a standard quadratic transformation 
where O,, O,, O; are on the circle. Consider 

S == SIS: 

It appears that S’ being equivalent to J isinvolutory. A straight 
line will be carried by S into a conic through O,, O., O3; then by 
I into a quartic with a double point at O and at each circular 
point, and passing simply through O,, O., O;, and then by S into 
a quintic with double points at O,,0,,03, and at the S-transforms 
of O and the circular points. This is symmetric, involutory of 
order 5. 

An involutory transformation of order 8 with seven triple 
points is called a ‘Geiser involution’* and is found in a very 
simple manner. Let us take seven points, no three on a straight 
line, and no six on a conic, and consider the net of cubics 
through them. If P be any point in the plane, the cubics of 


* Geiser. 


Chap. VII INVOLUTORY TRANSFORMATIONS 479 


the net through it go through a ninth point P’. The relation 
of P to P’ is one-to-one, algebraic and involutory, the seven 
chosen points are the only fundamental ones, and they appear 
symmetrically. Hence this is a symmetric transformation of 
order 8. Moreover, there is no other sort of symmetric involu- 
tory transformation of order 8. For if there were such a trans- 
formation, we could not have three fundamental points on a line, 
nor six on a conic; there would be too many intersections with 
a certain fundamental curve. The product of our transforma- 
tion and a Geiser involution with the same fundamental points 
would leave invariant each cubic through six of the points with 
a singularity at the other one, and seven points on each cubic. 
But a birational transformation of a rational curve into itself 
must be a projective one on the corresponding straight line, and 
if more than two points be invariant, all are. Hence all points 
on each of seven cubics will be invariant. Every straight line 
in the plane would have twenty-one invariant points. But in 
the product transformation a straight line goes to a straight 
line. Hence the product is an identity, or the two transforma- 
tions, which are involutory, are identical. 

A symmetric transformation of order 17 with eight sextuple 
points is obtained in a similar but slightly more complicated 
fashion. Consider a pencil of cubics through nine given points, 
no three collinear, no six on a conic, one point being singled 
out and called O. If P be a general point of the plane it will 
determine one cubic of the pencil. Let the tangent at O to this 
cubic meet the curve again in Q, and let PQ meet that same 
cubic again in P’. Therelation of P to P’ is one-to-one, algebraic 
and symmetric, so that we have here an involutory Cremona 
transformation. The point O will correspond to itself, the other 
centres of the pencil of cubics will be fundamental points, the 
only ones, and they appear symmetrically. 

Theorem 18] There exist involutory Cremona transformations 
of all five symmetric types. 

Next, let us consider unsymmetric transformations, en- 
deavouring to determine the general types to which they are 
equivalent. Let P, be a point of the highest multiplicity of all, 
say r,. We know by theorems 24] to 27] of the last chapter that 
it is on every fundamental curve, and one of the points of 
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highest multiplicity for that curve, and that its multiplicity is | 
highest for a fundamental curve of highest order, so that we- 
may assume «,, its highest multiplicity for any fundamental 
curve. Now let us consider a curve of order 7, with the same — 
multiplicities at the fundamental points as the one just men- — 
tioned, except that at P, it has multiplicity a,,—1. As the : 
fundamental points form a normal base for a fundamental 
curve, the amount of freedom for this new curve is ; 
O41 (%q + ne 0443 (04,—1) 
2 2 3 
The number of non-fundamental intersections with the curve, 
corresponding to P, is, by (12) of the last chapter ; 


ri— > oh tey—l=ay—l, 
the number of non-fundamental intersections with the curve 
corresponding to P, is, by (14) of the last chapter, 


PS Pats 


Tye D, HM pe boryy = Hye 

These equations show that this system of curves is carried into 

itself by the given transformation. Their genus is 
443 (0% — ip (a 1—1)(a%1—2) 

2 2 

If «1, = 1, we have a one-parameter family of invariant curves 
of genus 0, our transformation is equivalent to one that leaves 
invariant a pencil of lines, and we have just seen that such a 
transformation as this latter must be of the De Jonquiéres type. — 
If «,, = 2, we have a two-parameter family of elliptic curves, 
and we know, by theorem 13] of Ch. II, that this can be carried 
into a two-parameter family of cubics through seven funda- 
mental points. These are all the fundamental points there are, for 


3N—1\—1.—...—1T, = 8 3(n—1) => 17;. 

But we have in our table all the Cremona transformations 
with just seven fundamental points; one a De Jonquiéres trans- 
formation, one a symmetric one. It is not hard to show that 
the others are reducible to transformations of lower order with 
an invariant net of cubics, unless the order be 2 already. 

If, thirdly, the invariant system of curves have genus 2 or 
more, they have an infinite linear system of special adjoints, to 
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which we may transfer our attention. We have linear systems 
of successively diminishing orders till we meet a rational or 
elliptic system. A rational system will contain an invariant 
pencil composed of a curve and its mate, and so, as above, give 
us a transformation equivalent to a De Jonquiéres transforma- 
tion. If the invariant system be elliptic, there are only two 
cases to fear. 
a) The elliptic system is equivalent to a set of all quartics 
with two given double points. But such a set could not be 
invariant under a Cremona transformation, as we see from the 


Bqestions 4n = n-+ 2r,+2r, 4n =n+3-+ > 7;. 


b) The elliptic system is equivalent to a pencil of curves of 
order 3s, with nine base points of multiplicity s,. Their special 
adjoints of index s,—1 are an invariant pencil of cubics, and 
reasoning as above we see that there are but nine fundamental 
points, and these are of the same order. But 

927 -OnP=Ft ir)? 
9(n2—1)—[3(n—1) 2 =0 18(n—1)=0. 
which is absurd. 

Theorem 19] An involutory Cremona transformation is equi- 
valent to a De Jonquiéres or a symmetric transformation.* 

Incidentally we have proved 

Theorem 20] Jf a system of cubic curves given by base points 
be carried into itself, it passes through all the fundamental points. 

Suppose «,; = 7,— 1, the system of curves which are carried into 
themselves are of order r, with a point of multiplicity r,— 2, and 
so are hyperelliptic. Their special adjoints are lines of a pencil. 

Theorem 21] Jf a fundamental point of an involutory trans- 
formation have for a fundamental curve a multiplicity one less than 
the order of that curve, the transformation 1s a De Jonquiéres one. 

Suppose that in an involutory transformation there is a cer- 
tain number of simple fundamental points which are coordinated 
to themselves or to one another. Then by theorem 22] of the 
last chapter, either every one of the coordinated straight lines 
passes through just one of the coordinated points, and through 
every one of the fundamental points of higher order, or else 

* Of, Bertini’. 

3781 li 
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every one of the straight lines omits but one of the simple points 
and there are no fundamental points of higher order. In the 
former case we have clearly a De Jonquiéres transformation, in 
the latter a quadratic one. 

Theorem 22] If, in an involutory transformation, there be simple — 
fundamental points coordinated to their own set, then either the 
transformation is quadratic or of the De Jonquiéres type. 

The properties of involutory transformations which we have 
studied so far have been generally invariant for a Cremona 
‘transformation, properties which they shared. with equivalent — 
transformations. There are other properties, however, which 
are not invariant under the Cremona group, yet which are 
worth notice. 

Definition. The number of pairs of corresponding points of — 
a Cremona transformation on a general line shall be called the 
‘class’ of the transformation. If a transformation of order n 
have a curve of self-corresponding points of order v, the class is | 

m' = 4[n—yv]. | 
The order of an isologue is 
n+l—vy=2m'+1. 

If an involutory transformation be of class 0, there is a curve 
of fixed points of order n, and we know by theorem 36] of the 
last chapter that the transformation is of the De Jonquiéres 
type. Conversely, suppose we have an involutory transforma- 
tion of the De Jonquiéres type. If all lines through the singular 
fundamental point be fixed, the transformation is isologous, and 
we know from 38] of the last chapter that there is a curve of 
fixed points of order n. If the transformation be not isologous, 
there are two fixed lines through the singular point. All points 
may be fixed on both, or on one, or on neither, giving curves 
of fixed points of orders 2, 1, or 0. 

Theorem 23] An involutory transformation of class 0 is a De 
Jonquiéres transformation, and an involutory De Jonquiéres trans- 

Skee n—2n—1 nn 
formation is of class 0, aC ERS Soot 

Suppose we have an involutory transformation of class 1. 
The curve of fixed points is of order n—2, the isologues will be 
a two-parameter net of cubics, namely, a net through seven or 
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- 


fewer fundamental points, and we know by 20] there are no 
other fundamental points. 

Theorem 24] An involutory transformation of class 1 cannot 
have more than seven fundamental points.* 


§ 5. Cremona transformations, and integral collineations 
of higher space 
Let us now return to the general Cremona transformation of 
order » with r fundamental points of orders 7,,7,,...,7,. The 
multiplicities of the fundamental points of the inverse trans- 
formation shall be 7;,75,...,7,. Suppose that we have a curve of 
order 2 with multiplicity x; at the fundamental point P,, and 
a, at the non-fundamental point @;. The corresponding numbers 
for the transformed curve shall be x}, x;. We get from 15] of 
the last chapter} aes 


NXy— VL, — ... —T,H, 
Pea AE 
vy se 11 Xq— Ay yLy— ... — ApH, 
vf , 
Li NV —— hgh — 22. py lp (7) 


, 


Ups = Uray 
Uy, = Ly, 

We have, thus, associated with our Cremona transformation 
a collineation in a space of y+1>r-+1 dimensions. We shall 
shortly see that the determinant is not equal to 0. Of course, 
it is not a general transformation. The coefficients indicated are 
positive integers or 0. Moreover, we have from equations (9) 

and (10) of the last chapter 
32h —2, —...— Li — ... —@, = BXy—AXy—...—X,—... —H, (8) 
—ay?+aye+... part... fa = —aztgit...tar+...ta?. (9) 
Thus, in our higher space, we have a collineation leaving in 


place the hyperplane 
—3x,+0,+...+a, = 0, (10) 


_and the hyperquadric 


—a2+o?+...-a? = 0. (11) 


* The concept of class comes from Caporali’. For transformations of classes 
2, 3, or 4 see ‘Topics’, p. 96. 
{ Cf. Kantor’, p. 32. 
112 


484 TYPES OF CREMONA TRANSFORMATIONS Book IV 


If we change 2, into i% we see that we have an orthogonal 
substitution which leaves a certain linear form invariant. The 
relations connecting the coefficients of an orthogonal substi- 
tution are classical. However, it is probably better not to lose 
sight of the real domain, so we shall press this no further. 


Suppose, conversely, that we have an affine integral collinea- ~ 


tion of our space which leaves invariant every hyperplane 


X44 = 9, and every point for which the first r+-1 coordinates _ 


vanish. Let us further suppose that we limit ourselves to such 
an integral affine collineation that the indicated coefficients are 
positive integers or 0, and that the hyperplane 


—3x+2%,+...1%, = 0, (10) 


and the hyperquadric 
—x+e?+...ta?=0, (11) 


are invariant. This may be written in the form (7). We find 
by direct substitution 


> 7 = 3(n—1) >, %j = 3r7,—1 Sa = nA—1 92) 
t 7 a 


—_ DNeaeethity = 
e. Oy iV; = nr; & On; - ars 4. i . ihe) al = TT i (13) 
j 7 J 
Let us next take the transformation 
Ly = NXy—T}X —...— 71H. 
” 2. , , , 
vy — 1Xo 4 Hy Ta teee — X4pU,, 
Wis al , , 
Lp = 1H — py Ly — 1. — yy Lh, (14) 


wu Pe hf 
Un = Urey 


The product turns out to be the identity. Hence (14) is the 
inverse of (7). Owing to the invariance of (10) and (11) 


2 ee) 2, Oj = 3r—1 24 ated (15) 


, 


>, Xp iP 5 = nr; >, op. —— ra 1 2, 5g G I = TT y0 (16) 


Our equations (12), (13), (15), and (16) give us equations (2), 
(11), (12), and (13) of the last chapter, the characteristic linear 


ES —— 


a 

e 

¥ 
I 
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relations of a Cremona transformation. If D be determinant of 


the transformation, we have 


Or ee rt OO LS OR 
ry — yy . . . — Wy 0 0 . . . 0 
DAS Gs, ss — Op OO. . . O 
0 (0) 0 10 Y) 
'0 0 0 00 ] 
—100. 0 
es, O10. 0 
JAUME 4 I ariaee 8% 
/Tekatdeg bearers ts 


We get at once from equations (12) to (16) 
(73—1)(7,—2).= > X43(%;3—1) (7,1 )(7,-=2) = > O;;(%43—1). 
it a 


This shows that the quantities fulfil the conditions for the 
singular points of rational curves of order 7; and 7;. 

It is now time to show that every integral solution of the 
equations (7), subject to the conditions (12) to (16) will actually 
correspond to a Cremona transformation. We do this by factor- 
ing, much as we factor a Cremona transformation into collinea- 
tions and standard quadratic transformations. Let us begin 
with a collineation which consists in permuting x,’s except the 
first, and the last, v—r. We get this sort of collineation in higher 
space by a permutation among the points P,, and this does not 
correspond to a geometrical transformation at all. Another 
collineation in higher space which fulfils all the conditions is 


Xp == 2ly— 2 — Uy — Xe 
Ly = Xy—2a— Hy 
Lp = Ly—X1—Xz (18) 
L3 = Ly—X1—Xy 
W345 = Ug 49. 
This transformation corresponds to a standard quadratic 
transformation. 
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Let us first suppose that our transformation (7) is preceey 

by such a permutation of subscripts that thereafter 
T2213 D> 134k 


k=r—3 
COUP ay © se a “Bag = reL3(n—1)— fysetacrt sly 


; —{(n*§—1)—r} 1} 13]. 
The left-hand side is not less than 0, hence 
ritr3—r(T1 +12) > (n—1)[n+1—3r5]. 
Suppose n> ry+re tts, : 
rire — (ty t+%e)"3 > (ty t+%e+1%3— V(t +12— 213+ 1) 
2(73—1yr2) +(1—3rs) > 0. 

This is only possible when 7, =7,=7,=...=7, = 0 and the 
transformation is the identity in higher space, corresponding to 
a collineation of the plane. We may assume therefore that 


Ty+Te+Ts > 2. 
Let us precede by a transformation of the type (18). The 
resulting transformation will be of the type 


Hy = (2N—1—1.—13)Xy— (N—Tg—1g)X— (N—13—1 )%a— 


—(N—1—19)Xg—1 gl q— ... 1,2, 
Wy = (277 — 44 — gy — % gy Kg — (7 — tg — 1g )Xy — 2 
— (1 —O%gy — yy) Xq— (7 — 4 — Og ) Hg — gL q— ... — Oy, 
9 = (21 — 019 — %g9— Ogg) Zy— (74 — Olgg— O'go Uy — 
— (174 Ogg — O49 )Xa— (173 — 41g — gg) %g— Cl ggLy— ...— Opp yp 
3 = (213 — 0443 — Ogg — Ogg Ug — (173 — lng — XX — 
— (13 — Ogg — 0143 )X_— (17g — 0413 — Ogg) Lg — gg g— ... — pgp 
4 = 1'4Lq— Hyg — UpgVy— Ugg Vg — Ugg q— ... — pgp 
Up, = 17H — Oy,Ly — Ogg ly — Obgy Lg — Olgy Ag — «4. — Opp 


, 
Up +3 = Upig- 


Since our integral collineations form a group, this is a new 
collineation of exactly the sort we want. The leading coeffi- 


cient is 
2n— (ry +12 +1s) = n+[n—(17y+72+73)] <n. 
We are uncertain about the relative sizes of the numbers 


(n—r,—T3), (n—r,—1}), (n—1r,—T15), Tas Teas Tp 


: 
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but by a rearrangement of terms we may put them in order of 
magnitude, and a rearrangement corresponds to another col- 
lineation of our group. Keeping on in this way we see that our 
original collineation can be factored into collineations of the 
type (19) and rearrangements of the subscripts 1 to r. These 
may be made to correspond to standard quadratic transforma- 
tions, collineations of the plane, and rearrangements of the 
points P;. Hence there is a succession of such transformations 
which will produce a Cremona transformation of the plane whose 
corresponding collineation in higher space has exactly the coeffi- 
cients given. This gives a beautiful result: 

Kantor’s Theorem 25] A necessary and sufficient condition that 
a set of positive integers 1,1, 1) 1'33---, %, which satisfy the relations 

3N—1,—Te—T3— Pp = 3B Pr} — 7 — 1... — 2 = 1 
should correspond to an actual Cremona transformation is that 
there should exist such positive integers r; and such positive or 0 
integers «,;; that equations (12) and (13) are satisfied.* 

Let us give the matrices of the collineations in higher space 
which correspond to certain simple Cremona transformations. 
A collineation in the plane appears in higher space as the 
identity. The standard quadratic transformation is (19). The 
matrix for the De Jonquiéres is 


ME A ae NV cae Ver Vo grt eee 
(iene ee aL 

1 plete Os ee 10 (19) 

1 a1 enh ee ean 

1 ef) Te Tee | 


Symmetric quartic: 
5 —2 —2 —2 —2 —2 —2 
0 —1 —1 —1 —1 —-1 
ee eee (hes ee ee ee | 
ee ier ves Wee te ie (20) 
—| —l)—l .0 —1 —I 
—] —1 —1 —1 0-l 
ete Uae oe] sath 0} 


* Kantor’, p. 35. The statement is not quite explicit, nor does the writer 
seem to appreciate the full value of his theorem. 


pwwwe vw we wv 


tions in higher space has been cand much ee aa met 
of higher analysis, such as the use of © functions, have been 
fruitfully employed.* It would lead us too far afield to pursue 


+ them further. 
- * Cf. Coble?. 


a 


CHAPTER VIII 
GROUPS OF CREMONA TRANSFORMATIONS 


§ 1. Continuous groups 
THE study of Cremona transformations which we have made 
up to this point has been concerned with general properties and 
with the peculiar characteristics of transformations of certain 
special types. The concept of a group of Cremona transforma- 
tions has never been explicitly introduced, although it cannot 
have escaped the reader’s notice that the totality of Cremona 
transformations in the plane is an infinite group. It is our pur- 
pose in this present last chapter to consider Cremona groups of 
certain special sorts. : 
Let us begin with a study of continuous groups, depending 
analytically on a certain number of parameters. Let us bear in 
mind that, by definition, a group shall contain the inverse of 
each of its transformations. If a point be fundamental for a 
Cremona transformation it is fundamental for the product of 
this and a succeeding transformation unless the first carry it 
into a curve which is fundamental for the second. As any 
transformation of the group can be split into two factors, one 
of which is arbitrary, we have 
Theorem 1] In any continuous group of Cremona transforma- 
tions, those fundamental points of a particular transformation 
which are not fundamental for the general transformation are 
carried into curves fundamental for the general transformation. 
Let us take, as an example, the totality of circular trans- 
formations of the projective plane. The fundamental points for 
any one are the circular points at infinity, and the point of 
concurrence of those circles which go into straight lines. This 
point goes into the line at infinity, which is fundamental. 
Consider, next, a continuous group, and a particular curve. 
It will be carried by the general transformation into a curve of 
fixed order which will never be exceeded, but may be diminished 
in special cases when extra fundamental points fall on the given 
curve. The totality of all curves in the plane of this order n 
make a linear system determined by base points (0 in number). 
The invariant system of curves of order n will lie in this, perhaps 
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in a linear system of that order determined by base points 
within the general system of order n. It must, in any case, lie 
in one linear system of order n, determined by base points, which — 


is of lowest possible dimension. This linear system must be 


invariant, for if it were not it would share with all the systems — 


to which it is transformed a linear system determined by base 


points of lower dimension which included the invariant curve — 


system. The essential thing is that our continuous group will 


carry into itself some linear system determined by base points. — 
Theorem 2] A continuous group of Cremona transformations — 
will carry into itself an infinite linear system of curves determined 


by base points. 


If the general curve of the linear system have genus greater - 


than 2, we may fix our attention on the system of special 
adjoints. We have thus only to consider the case of an invariant 
system of elliptic or rational curves. 

Consider first the transformation which carries into itself 
a set of elliptic curves. If this set of elliptic curves be trans- 
formable into a set of quartics with two common double points, 
in the transformed group isomorphic with the first, reducible 
quartics will go to reducible quartics. The reducible quartics 
are a seven-parameter system consisting of the line which con- 
nects the two points and a cubic through them, and a six- 
parameter system consisting in two conics through them. Hence 
our group is simply isomorphic with the group that carries into 
itself a set of conics through two points. If the points be distinct 
this is a six-parameter group simply isomorphic with that of 
circular transformations,* and also simply isomorphic with the 
six-parameter group of collineations in space that carry into 
itself a general quadric. When the two double points are ad- 
jacent, the group is simply isomorphic with the group in the 
plane that carries into itself all parabolas with a set of parallel 
axes, or the group of collineations of space that carries a quadric 
cone into itself. This is simply isomorphic with the seven- 
parameter group of Euclidean motions. 

In the other cases where elliptic curves are carried into them- 
selves, we may either consider the case of an infinite system of 
cubics or a pencil of elliptic curves of order 37, with nine points 


* For groups of circular transformations see Coolidge®, pp. 330 ff. 


——— se 
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of order 7, in common, and these nine lie on a cubic. Hence all 
the fundamental points of every transformation will lie on a 
system of cubics, or be the nine centres of the pencil. In a con- 
tinuous group the fundamental points must be fixed or vary 
continuously. Hence, in this continuous group all transforma- 
tions have the same fundamental points. Since the product of 
two transformations is still a transformation of order n, a homa- 
loid of one transformation goes into a homaloid of another: 
l=n?— > =n. 

This case is, hence, excluded. 

There remains the possibility that our transformation carries 
into itself a linear system of rational curves. Such a system 
may be carried into: 

a) the system of all lines; 

b) a pencil of lines; 

c) a system of curves of order n’ with a common multiple 
point of order n’—1, and perhaps certain other common non- 
singular points. 

The system of all Cremona transformations which permute 
all the lines of the plane is that of collineations or a sub-group. 

If the lines of a pencil are permuted, all transformations must 
be of the De Jonquiéres type, and of common order. 

If an irreducible invariant system of curves consist in curves 
of order n’ with a common point of order n’—1 and certain 
fixed simple points, the number of these will not exceed n’—1, 
so that the number of parameters of the system will be 


Be AE, cd eed pag a ato n’ +1, 
2 2 

hence some of the curves will consist in n’ concurrent lines, of 
which one must be variable. Hence, as before, a pencil of lines 
is invariant, and we have a De Jonquiéres transformation group 
with a common singular point. If the product of two De Jon- 
quiéres transformations is to be a third of that same order and 
multiple point, the two must share the same n—1 simple funda- 
mental points, and these must be adjacent to the singular point, 
otherwise the group could be replaced by a similar one of lower 
order. We have a group where all homaloids have the same 
singular point of order n—1 and the same tangents there. 
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The sub-group where all lines through this singular point Oy 

are invariant can be written 
a, = 00" -*(x,, %_)y 5 = AO"-1(01, Lp) Ag 
ag = O(a, Lp) gp +X" (X1, 2). 

Here a and b and the coefficients of y are arbitrary, n-+3 in all. 
Hence the general transformation depends on n-+-5 parameters. 

Enriques’s Theorem 3] Every continuous group of Cremona 
transformations 1s simply isomorphic with 

a) a group of collineations; 

b) a group of motions and reflections in 3-space; 

c) a group of circular transformations; 

d) an (n-+-5)-parameter group of De Jonquiéres transformations, 
where all homaloids have the same singular point, and the same 
tangents there.* 

Our De Jonquiéres transformation may be put into another 
form. We write first : 

pX1 = A, X7 +O" (ay, g)Xs 
pX2= pic oy eae 


ce = On 4123 ntgn “ry, Tg). 

In a space of n+1 dimensions with homogeneous coordinates 
X,:Xq:...:X,4,, these represent a conical surface of order n — 
with vertex at (1, 0, 0,..., 0). 

Theorem 4] A continuous group of Cremona transformations 
is simply isomorphic with 

a) a group of collineations of the plane; 

b) a group of collineations of three-dimensional space which 
keeps invariant a non-reducible quadric or conic; 

c) a group of collineations of space of n—1 dimensions which 
leave in place a rational conical surface of order n.} 


§ 2. Infinite discontinuous groups 

It might seem at first that the study of continuous groups would 
furnish the methods necessary for that of infinite discontinuous 
ones. Such is not, however, the case. In a discontinuous group 
the order of a curve can change suddenly; we have much fewer 


* Enriques, cit. 


+ Ibid., p. 473. Continuous groups of De Jonquiéres transformations are 
found on p. 532. See also Fano. 
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tools to work with than before, and must content ourselves with 
pointing out certain easily obtainable types. 

The infinite discontinuous groups of collineations of the plane 
constitute a large field by themselves. The reader can easily 
find such groups by imagining the plane filled with equilateral 
triangles, regular hexagons or squares, and considering the 
motions which carry one of these into another. In the same 
way we find infinite groups of circular transformations by study- 
ing automorphic functions of the complex variable. If we fill 
our space with cubes we get infinite discontinuous groups of 
motions which give infinite discontinuous groups carrying sets 
of tangent conics into themselves, etc. There will be more 
novelty, however, in determining infinite discontinuous groups 
of De Jonquiéres transformations with O, as a common singular 
fundamental point. There will be a sub-group where all the 
lines through O, stay in place. Each individual line will be 
carried into itself by an infinite group of projective transforma- 
tions. If all of these be parabolic, the locus of fixed points is 
either the. point O, itself or a curve of order n with a singular 
point of multiplicity n—1 at O,;. The possibility that the locus 
should be 03; we may discard, since it is fundamental for the 
transformation. If the transformations on the individual lines 
be not all parabolic, the locus of the fixed points is a curve of 
order n with multiplicity n—2 at O,. Since the intersections 
of a straight line with this curve are invariant, it must be pos- 
sible for a line to meet a homaloid just n times, so that the 
order of the transformation is >n. Let us seek a De Jonquiéres 
transformation of this order which keeps such a curve fixed. 
Let the equation of the curve be 

if ( 4, a, Xz) = fF? (ay, %a)UZL ST M@y, Va) + FF (ay, Xo). 

The equations of the De Jonquiéres transformation with all lines 
through O, fixed will be 


U4 = 210" "*(Xy, Xp) = Ho" (ay, Ly) 
3 = %40"-1(y, Ly) +P" (21, Xp, V3). 
Since the curve xk -l9+ = 0 


has multiplicity n—1 at Or 
. 6 = —as f(y, £2) )+Fi(a1,%2) 


ve, =[—asfothler %=[- tafothie, 7 =i thiles th. 
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If we write Athsth = 0, 
our transformation may be written cay 3 
Set =o Xe ae ee (1) 
‘ , : ‘ ; —fots th. 
Dae He | Ween Re ng = sth (2) 3 
—forsth 


The remaining 2(n—1) other fundamental points of either 
transformation are on the lines 


fidi—fobs = 0. (3) : 


The two fundamental curves corresponding to O; are 


—fotstfi=0 —forstfi =. (4). 


They have the same tangents at O, as 4=0. The reasoning 
throughout is reversible. 

Theorem 5] Given a curve of order n with a singular point O; 
of multiplicity n—2 and distinct tangents. Take a curve of order 
n—1 with the same singular point and tangents thereat. This will 
be the fundamental curve corresponding to O, in a De Jonquiéres 
transformation of order n which leaves all points of the given curve 
invariant. The fundamental curve for the inverse transformation 
will have the same singular point and tangents, and meet the curve 
of fixed points on the same radiating lines as the given fundamental 
curve does.* 

We see that when the curve of invariant points is determined, 
the transformation depends merely on the binary form f,. 

Theorem 6] The determination of a De Jonquiéres transforma- 
tion of order n, which keeps invariant all points of a curve of order 
n, with a multiple point of order n—2 with distinct tangents, 
depends on n parameters. 

Let us take a second transformation: 


Poe —$irgtfo 


a ee he 0 fg sa ie X3 =, 
—fovst+¢y 
The product of (1) and (5) will be Sig = 
—(fofa—bafis +holfi— $1) 
ae —Solbi—fitst bf 1—lofe 
fithth =fitdhitdh = 0 
fi-4: aa $i—f. 


* For this theorem and the next see Kantor?. 


(5) 


pet if Fes Wu 2 
Uj= ty, Wey 9 Hy= 
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Hence we may write 


ali P44 
Ea Ir Aaa. at : 
—f ary p ifs —tofs 
fi-¢1 
The sum of minus the coefficient of x; in the numerator and 
the denominator constant is 


A pif bs jee —j;, 


: fi-¢, 
as it should be. 
This will be of order n if 


(fola—fi $1) = 0 mod (f,—¢4,). 

This is not usually the case, so the product of two such 
transformations of order n is a transformation of order n’ > n. 

Theorem 7] There is an infinite discontinuous group of De 
Jonquieres transformations keeping invariant all points of a curve 
of order n with a multiple point of order n—2. 

Suppose that we have a transformation of this sort of order 
n’ >n that keeps all points of 4= 0 invariant. We may find 
a transformation of order n whose simple fundamental points 
are identical with some of those of the inverse of the trans- 
formation of higher order. The first transformation will carry 
a straight line into a curve of order n’, which will be carried by 
the second into one of order 


nn’ —(n—1)(n'—1)—n = n'—1, 


so that the product is a De Jonquiéres transformation of the 
required form of order less than n’. 

Theorem 8] Hvery De Jonquiéres transformation which keeps 
invariant all points of a hyperelliptic curve of order n with a 
singular point of multiplicity n—2 with distinct tangents may be 
factored into De Jonquiéres transformations of order n. 

It is quite conceivable that there might be a transformation 
which carries the curve % into itself but permutes its points. 
_ The lines through the singular point are permuted, as are the 
tangents, so they go to make up the special adjoints. If the 
genus of the curve exceed 1, there cannot be an infinite number 
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of these. Suppose that the singular point is at the end of the 
y-axis, so that the curve is written 5 


PUP + WBE +dyz)=0. (6) 
Let gee! ye aan y= $olz)y+di(c) 
y'® = [4,(x’) P—$9(2")b2(2’). AR 


A birational transformation of (11) into itself must carry its © 
g} into itself and so take the form 
» _ a’ +B 

ye’ +6 
If this permute the roots of 
F(x’) = $o(x')ba(a’)—[Pi(2') ? = 0, 


ad—Py ~ 0. 


x 


eee ED) 
OO Gar poe 
‘ (unevas at’ +8 . She vky’ 
If we write ie vELS Y= (y@’ -8)r4 
=) —dx'+f =f vy’ 


we have a Cremona transformation of the (#’, y’) plane that 
carries (11) into itself, and corresponds to a Cremona trans- 
formation of the (x, y) plane that carries (10) into itself. 

Theorem 9] Every birational transformation of a curve of order 
n, with a multiple point of order n—2, into itself 1s contained in 
a Cremona transformation of the plane. 

When n > 3, there are clearly only a finite number of these, 
and the same applies when the invariant curve has a singular 
point of multiplicity n—1. 


: 
. 


§ 3. Finite groups 

It is a curious fact that the approach to finite groups follows 
the analogy of continuous groups much more closely than is the 
case for infinite discontinuous ones. Suppose that we have a 
finite group containing n transformations, say 7',, 7's,..., T',,. Let 
f be a curve through no fundamental point of any transforma- 
tion, and let us write 


PET (Tf)... Trl(f)- 


j 
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i 
{ 


This reducible curve is invariant for all transformations of 


the group. 


If the order of f be sufficiently high we can get as many 


| linearly independent invariant curves of the order of F as we 
want; the linear system of least dimension, given by base points, 


that holds all these will be invariant. We thus get the theorem 
which is fundamental here as the corresponding theorem was 


for continuous groups.* 


Theorem 10] In any finite group of Cremona transformations 
there will always be an infinite linear system of curves given by 
base points which 1s invariant for all transformations of the group. 

We may follow our previous reasoning step by step and show 
that there must be invariant an infinite linear system either of 
rational or of elliptic curves. If there be an invariant one- 
parameter system of rational curves, these may be carried into 
a pencil of lines, and the transformations are all of the De Jon- 
quiéres variety. If all lines through the singular point be 
invariant, we fall back on essentially the problem of the last 
section. If they be permuted, we meet also the problem of finite 
groups of binary projective transformations. These groups are 
thoroughly well known since the classic work of Klein?. Such 
groups are simply isomorphic with cyclic groups of rotations 
about a fixed axis, a dihedral group consisting in a cyclic group 
and a reflection in a plane perpendicular to the axis, and the 
groups which carry into themselves the five regular solids. 

If an invariant system of curves depend on two parameters 
it is equivalent to the system of all lines in the plane, and we 
meet the problem of finding finite groups of plane collineations. 
These were first classified by Jordan?, the results being com- 
pleted by Valentiner?. If the invariant system depend on more 
than two parameters, it can be carried into a set of curves of 
order » with a fixed point of multiplicity n—1 and perhaps 
other fixed points; we are thrown back on a problem of De 
Jonquiéres transformations. 

Let us next suppose that we have an invariant system of 
elliptic curves. If these can be carried into quartics with two 


* The most extended researches in the present topic are Kantor? and 
Kantor!. The works are crammed full of results, but obscurely written and 
not free from errors. A better presentation is that of Wiman. 


3781 Kk 
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fixed double points, we are once more back either on the proble 
of finite groups of circular transformations, i.e. binary linear 
transformations, automorphic groups, or finite groups of mo- 
tions. The other cases with invariant systems of elliptic curves 
have been studied at a good deal of length in the works of Klein 
and Wiman recently quoted. In many cases there is much to 
be gained by reverting to the method of mapping the plane on 
an auxiliary cubic surface that we developed in Book II, Ch. J, 
to prove Clebsch’s transformation theorem at the end of the 
chapter. The problem then becomes one of finding groups of - 
collineations of a three-dimensional space which leave a certain 
cubic surface invariant.* = 

Theorem 11] A finite group of Cremona transformations is 
simply isomorphic with 

a) a group of binary linear transformations; 

b) a group of motions and reflections in three-dimensional 
space; 

c) a group of De Jonquiéres transformations with a common 
singular point; 

d) a group with an invariant system of curves of order 3r with 
nine common points of multiplicity r; 

e) a group with an invariant system of cubic curves through 
1,...,7 common points. 


And so the end. We have covered a large amount of territory 
in the course of our wanderings; there lies incomparably more 
beyond. May future students boldly enter in and occupy the — 
ground. Whatever the mathematical fashion of any particular 
moment may suggest, algebraic methods and algebraic curves _ 
will never cease to be important in pure mathematics. If any 
reader find help in the preceding pages towards pursuing these 
beautiful studies, the labour and effort put into this book will 
not have been spent in vain. 


* Cf. Wiman, p. 198. 
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—, Cayley, 77, 78. 
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—, polar, 74, 75. 
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Klein’s, 114. 

Lefschetz’s, 104. 

Luroth’s, 135, 246. 

Nother’s factorization, 447. 

— fundamental, 29, 244. 

— transformation, 207. 

Reduction, 253. 

Residue, 30, 245. 

Riemann’s, 120, 129, 246. 

— integral, 274. 

Riemann-Roch, 261, 262, 314, 
324, 363. 

Rosatti’s, 339. 

Special series, 253. 

Study’s, 34. 

of symmetric functions, funda- 
mental, 2. 

Waring’s, 166. 

Weber’s, 135, 246. 

Weierstrass’s gap, 290. 

Zeuthen’s, 135, 246. 

Transference, Clebsch’s principle, 
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293, 303, 304, 344-6, 365-7. 

Cremona, 201, 202, 442-98. 
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— involutory, 478-83. 

De Jonquiéres, 203, 204, 468 ff. 

Halphen’s, 346-52. 

Hirst’s, 200, 233. 

isologous, 461, 462. 

non-isologous, 459-67. 
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Uniformization of general curve, 
358-60. 
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—, generalized, 340-2. 
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